All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec001}
============

Cyanobacteria are unique prokaryotes because their oxygenic photosynthesis changed anoxic biosphere to a more oxygen-rich environment about 2.4 billion years ago \[[@pone.0227977.ref001]\]. Plastids in plants and algae are originated from cyanobacteria through the evolutionary event of endosymbiosis \[[@pone.0227977.ref002]\] in which they do photosynthesis like higher plants. The metabolic versatility and flexibility of cyanobacteria enabled them to grow in a wide range of habitats such as freshwaters, ponds, wetlands and harsh environments including hot springs, brackish waters, deserts, and cold regions \[[@pone.0227977.ref003], [@pone.0227977.ref004]\]. Cyanobacteria play a key role in providing the primary elements for life including organic carbon, oxygen, and nitrogen \[[@pone.0227977.ref005]\]. Cyanobacteria need sunlight, water, carbon dioxide, and some minerals to grow, and their photosynthetic efficiency is higher than other oxygenic photosynthetic organisms like algae and plants \[[@pone.0227977.ref006], [@pone.0227977.ref007]\]. Ease of genetic manipulation, uncomplicated metabolism, and simple cultivation attracted great attention to cyanobacteria as a producer of the third generation of biofuels \[[@pone.0227977.ref008]--[@pone.0227977.ref011]\] and high-value products \[[@pone.0227977.ref012], [@pone.0227977.ref013]\].

Genotypically and phenotypically related different cell types with dependent growth have complicated life systems \[[@pone.0227977.ref014]\]. Filamentous cyanobacteria of the order Nostacales have a multicellular metabolically interdependent system \[[@pone.0227977.ref015]\]. Genus *Anabaena* in this order, are filamentous cyanobacteria that consist of hundreds of photosynthetic vegetative cells, arranged in an unbranched and uniseriate filament \[[@pone.0227977.ref016], [@pone.0227977.ref017]\]. In the absence of nitrate or ammonia in the growth media, vegetative cells undergo heterocyst differentiation enabling nitrogen fixation \[[@pone.0227977.ref016], [@pone.0227977.ref018]--[@pone.0227977.ref020]\]. In the filaments, combined nitrogen depletion stimulates gene expression, and heterocyst cells develop along the filament at the semiregular pattern, nearly 5--10% of the cells \[[@pone.0227977.ref017], [@pone.0227977.ref021]\]. The nitrogenase enzyme which is responsible for the fixation of molecular nitrogen is oxygen labile and the produced oxygen during photosynthesis will damage this enzyme irreversibly \[[@pone.0227977.ref022]\]. Heterocysts are characterized by having a thick cell wall that limits the entrance of oxygen, deactivated O~2~-producing photosystem II, and a high respiration rate that scavenges the remaining oxygen \[[@pone.0227977.ref023]--[@pone.0227977.ref025]\]. Since Ribulose 1,5-bisphosphate (RuBP) carboxylase, a key enzyme in fixing carbon dioxide is absent in the heterocysts, sucrose is transported from vegetative cells to heterocysts as the dominant form of carbon \[[@pone.0227977.ref026], [@pone.0227977.ref027]\]. In return, fixed nitrogen in heterocysts is transported to vegetative cells as amino acids and hence, the entire filament will grow by the intercellular exchange of metabolites \[[@pone.0227977.ref024], [@pone.0227977.ref028]\].

Study on heterocysts is an interesting subject of cell differentiation \[[@pone.0227977.ref025]\] and simultaneous metabolic modeling of the two cells. Investigation of the effect of intercellular interactions provides a better understanding of differentiation. Genome-scale metabolic models are built based on genomic sequenced data \[[@pone.0227977.ref029]\]. The constraint-based modeling approaches such as flux balance analysis (FBA) \[[@pone.0227977.ref030], [@pone.0227977.ref031]\] are applicable to predict multicellular phenotypes quantitatively. In recent years, many cyanobacteria metabolic models have been developed and most of them were reconstructed for the unicellular cyanobacteria such as *Synechocystis* sp. PCC 6803 \[[@pone.0227977.ref032]--[@pone.0227977.ref035]\]. Recently, Malatinszky et al. \[[@pone.0227977.ref036]\] reconstructed a genome-scale metabolic model for the cyanobacterium *Anabaena* sp. PCC 7120, a heterocyst forming and diazotrophic cyanobacterium. They used FBA to study the effect of intercellular exchange of metabolites between heterocysts and vegetative cells on the optimal growth rate.

Even though genus *Anabena* has garnered interest for its biohydrogen production during nitrogen fixation \[[@pone.0227977.ref037]--[@pone.0227977.ref039]\], its metabolic models have not been used to study biohydrogen production. *Anabaena variabilis* ATCC 29413 (hereafter *A*. *variabilis*) has one of the highest hydrogen production rates in cyanobacteria and has been popular candidate for studying biohydrogen production \[[@pone.0227977.ref040], [@pone.0227977.ref041]\]. Therefore, a curated genome-scale metabolic model for *A*. *variabilis* ATCC 29413 (named iAM957) was reconstructed in this research for the first time to study the metabolism of biohydrogen production. The model and gene expression data for vegetative and heterocyst cells of *A*. *variabilis* ATCC 29413 \[[@pone.0227977.ref042]\] were integrated using TRFBA \[[@pone.0227977.ref043]\] to develop a regulated two-cell metabolic model. One of the major obstacles for sustainable hydrogen production in N~2~-fixing cyanobacteria is the irreversible inhibition of the three enzymes involved in H~2~ production (nitrogenase, uptake hup-hydrogenase, and bidirectional Hox-hydrogenase) by oxygen \[[@pone.0227977.ref044]\] that was studied using the model.

The model was exploited to study metabolic interactions between the two differentiated cells and to find strategies for improvement of hydrogen production. The possibility of providing a condition without oxygen production and consumption in the metabolism of vegetative and heterocyst cells was investigated using the two-cell model to determine which cell is more suitable for H~2~ production. Then, the model was applied to determine metabolic changes required for redirecting the electron flow to enhance H~2~ production under suboptimal growth conditions.

Material and methods {#sec002}
====================

Reconstruction of a genome-scale metabolic model {#sec003}
------------------------------------------------

The metabolic network of *A*. *variabilis* ATCC 29413 (iAM957) was reconstructed based on the protocol presented by Thiele and Palsson \[[@pone.0227977.ref045]\]. The genome annotation and data from Kegg \[[@pone.0227977.ref046]\], BioCyc \[[@pone.0227977.ref047]\] and CyanoBase (a specific database for cyanobacteria) \[[@pone.0227977.ref048]\] were used. A draft network was generated manually and then each reaction was created by using the information available for *A*. *variabili*s or other cyanobacteria in literature, biochemical databases, and biochemistry textbooks. Mass and charge balances were carried out on each reaction. BiGG \[[@pone.0227977.ref049]\], Brenda \[[@pone.0227977.ref050]\], and Uniprot \[[@pone.0227977.ref051]\] databases were extensively used in the refinement step of the network. Subsequently, transport reactions were added to the network from genome annotation as well as physiological information in the literature. A confidence score was assigned to each reaction in the network based on the available evidence for its presence \[[@pone.0227977.ref045]\]. Reactions, metabolites and 160 reference papers used for extracting reactions, were presented as an excel file in [S1 File](#pone.0227977.s001){ref-type="supplementary-material"}.

Calculations were carried out in MATLAB software by the use of COBRA toolbox \[[@pone.0227977.ref052]\] and the glpk (GNU Linear Programming Kit) package was applied to solve Linear Programming problems.

Generation of the biomass objective function (BOF) {#sec004}
--------------------------------------------------

The growth rate of *A*. *variabilis* metabolic model was determined by measuring the biomass formation rate and biomass objective function (BOF) was defined for this purpose. The biomass reaction consists of proteins, lipids, DNA, RNA, cell wall components, soluble metabolites, inorganic ions, and pigments. The macromolecular composition of the biomass of *A*. *variabilis* \[[@pone.0227977.ref053]\] (in weight percent) is 48.3 protein, 24.53 carbohydrates, 11.6 lipids, 9.1 RNA, 2.27 DNA, and 4.2 ash \[[@pone.0227977.ref053]\]. Amino acids are the major constituents of the biomass formula, but there is no available experimental data for them. Therefore, the percentage of amino acids was estimated from the genome information according to the method presented in \[[@pone.0227977.ref045]\]. Glycolipids monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG), and the phospholipid phosphatidylglycerol (PG) are major lipids of *A*. *variabilis* \[[@pone.0227977.ref054]\]. The relative fractions of fatty acids were obtained from experimental work of Naoki et al. \[[@pone.0227977.ref054]\] for this cyanobacterium. The molar percentage of nucleic acids in DNA and RNA was estimated using the nucleotide sequence of *A*. *variabilis* \[[@pone.0227977.ref045]\]. Carbohydrates in biomass composition are glycogen, peptidoglycan, and lipopolysaccharides (LPS). Glycogen is the major carbohydrate in biomass and in carbon starvation conditions, serves as a carbon source for growth. Its fraction in biomass was obtained from Ersnt et al. \[[@pone.0227977.ref055]\] and the amount of peptidoglycan and lipopolysaccharides was taken from metabolic model of *Synechocystis* sp. PCC 6803 \[[@pone.0227977.ref033]\]. Chlorophyll a \[[@pone.0227977.ref056]\], carotenoids \[[@pone.0227977.ref056], [@pone.0227977.ref057]\], and tocopherols \[[@pone.0227977.ref058]\] are considered as pigments of *A*. *variabilis* which chlorophyll a has the most portion of pigments in biomass formula. Since, growth-associated ATP maintenance reaction (GAM) and non-GAM reaction (NGAM) for biomass production were not measured experimentally for this organism, the data for *Synechocystis* sp. PCC 6803 model \[[@pone.0227977.ref033]\] in three auto, hetero, and mixotrophic conditions were used. A detailed procedure for the biomass reaction formula is available in [S2 File](#pone.0227977.s002){ref-type="supplementary-material"}.

In silico simulations {#sec005}
---------------------

Three metabolic models including single-cell, two-cell, and regulated two-cell models were constructed in this research according to the following sections. The mat-files of the single-cell, two-cell, and regulated two-cell models for implementation in MATLAB are presented in [S3 File](#pone.0227977.s003){ref-type="supplementary-material"}.

### Single-cell model {#sec006}

The single-cell model was used to simulate the growth of vegetative cells on nitrate as a combined nitrogen source. In the presence of nitrate, heterocyst differentiation does not occur, and hence, the reconstructed metabolic model as a single-cell model was applied to predict the growth rate using FBA. This method expresses a metabolic model as a linear programming problem, as in [Eq (1)](#pone.0227977.e001){ref-type="disp-formula"}, and defines an objective function (Z). $$\begin{array}{l}
{\text{Max}\mspace{360mu}\text{Z} = \text{cv}} \\
{\text{Such}\mspace{360mu}\text{that}\mspace{360mu}\text{S}.\text{v} = \text{b}} \\
{\text{v}_{\text{min}} \leq \text{v} \leq \text{v}_{\text{max}}} \\
\end{array}$$ where c is the vector of the objective function coefficients and S is an m×n matrix with rank ≤ m. m = 921 is the number of equations derived from the metabolic model using the mass balance for each metabolite and n = 983 is the number of unknown reaction fluxes. b is the right-hand side vector determined by known reaction fluxes, and v~min~ and v~max~ are the lower and upper bounds of the variable fluxes, respectively. Upper and lower bounds of all intracellular reversible reactions were set to 1000 and -1000 mmol/gDCW/h, respectively. Fluxes were limited between 0 and 1000 mmol/gDCW/h for all intracellular irreversible reactions. Upper and lower bounds of all exchange reactions were set to 1000 mmol/gDCW/h and zero respectively. Lower bound of exchange reactions for H^+^, H~2~O, K, SO~4~, Pi, and inorganic ions was set to -1000 mmol/gDCW/h and lower bound of exchange reactions for HCO~3~, NO~3~, photon was set to -10 mmol/gDCW/h. Maximum uptake rate of each carbon source was determined according to the method presented in \[[@pone.0227977.ref036]\].

The biomass reaction was used as the objective function to be maximized using FBA and the single-cell model was compared with the metabolic model of *Anabaena* sp. PCC 7120 \[[@pone.0227977.ref036]\] for prediction of growth on different carbon sources. So, according to the method presented in \[[@pone.0227977.ref036]\], mixotrophic growth rate for each carbon source was calculated and divided by autotrophic growth rate on bicarbonate. Correlation between the predicted relative growth rates and experimental values for the two models was determined using the Pearson correlation coefficient.

### Two-cell model {#sec007}

The two-cell model was constructed to compare its growth predictions under autotrophic and diazotrophic conditions with those predicted by the regulated two-cell model and predicted by the previous two-cell model \[[@pone.0227977.ref036]\]. Upper and lower bounds of all intracellular reactions for the heterocyst and vegetative metabolic models were the same as those for the single-cell model, except those presented in Table A in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}. As nitrogenase is inhibited irreversibly by oxygen and concentration of oxygen in vegetative cells is high \[[@pone.0227977.ref022]\], it was removed from the metabolic model of the vegetative cell. Reactions RBCh, RBPC, HCO3E, GLMS, and PSII are only present in vegetative cells according to the references presented in Table A in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}). Oxygen evolving photosystem II (PSII) is inactivated in heterocyst \[[@pone.0227977.ref025]\] because nitrogenase is oxygen-sensitive and in the presence of O~2~ will be deactivated irreversibly. Besides, the absence of the key enzyme of the reductive pentose phosphate pathway, ribulose 1,5-bisphosphate carboxylase (RBCh and RBPC), in heterocyst has been reported in the literature before \[[@pone.0227977.ref026], [@pone.0227977.ref027]\]. Presence of glutamine-2-oxoglutarate aminotransferase (Fd-GOGAT) which is the producer of glutamate from 2-oxoglutarate and glutamine in heterocysts of *A*. *variabilis* was doubtful before \[[@pone.0227977.ref059]\], but later it was clearly concluded that heterocysts lack this enzyme \[[@pone.0227977.ref060]\].

Since ribulose 1,5-bisphosphate carboxylase is absent in heterocysts of *A*. *variabilis*, fixed carbon in the form of sucrose transfers from nearby vegetative to heterocyst cells as carbon source. In return, heterocysts provide the nitrogen source needed for the metabolism of vegetative cells. Glutamate transports from vegetative cells to heterocysts and the fixed nitrogen in the form of glutamine with an additional nitrogen atom than glutamate with the same carbon skeleton shuttles back to vegetative cells as the nitrogen source for growth \[[@pone.0227977.ref061]\]. Hence, the entire filament can grow by incorporating fixed nitrogen provided in heterocysts. The exchange of these three metabolites (glutamine, glutamate, and sucrose) between the two cell types happens through a continuous periplasm \[[@pone.0227977.ref019], [@pone.0227977.ref062]\].

Upper and lower bounds of all exchange reactions for the two-cell model were the same as those for the single-cell model, except for HCO~3~, N~2~, NO~3~, and photon. Uptake of HCO~3~ was only considered for vegetative cells and consumption of N~2~ was only considered for heterocysts. To simulate the diazotrophic condition, uptake of NO~3~ was limited to zero. Considering both vegetative and heterocyst cells can uptake photon, [Eq 2](#pone.0227977.e002){ref-type="disp-formula"} was added to the model. It should be mentioned that a slack variable was added to the right-hand side of [Eq 2](#pone.0227977.e002){ref-type="disp-formula"} to transform the inequality constraint into equality. $$\text{v}_{\text{p,}\mspace{360mu}\text{V}}\text{+v}_{\text{p,}\mspace{360mu}\text{H}} \leq \text{v}_{\text{p,}\mspace{360mu}\text{Max}}$$ v~p,max~ indicates the maximum uptake rate of photon, and v~p,V~ and v~p,H~ are photon uptake rates of vegetative cells and heterocysts, respectively. The maximum uptake rates of HCO~3~ and photon were set to experimental values reported by \[[@pone.0227977.ref063]\].

The biomass reaction of the vegetative cells was used as the objective function to be maximized using FBA. The biomass of heterocyst cells is 5--10 percent of vegetative cells biomass \[[@pone.0227977.ref016], [@pone.0227977.ref022]\]. In this research, it was assumed that biomass composition of heterocysts is the same as vegetative cells and heterocysts comprise 10 percent of the entire filament and therefore, [Eq 3](#pone.0227977.e003){ref-type="disp-formula"} was added to the two-cell model. $$\text{v}_{\text{g,}\mspace{360mu}\text{H}} = \text{0}{.1 \times \text{v}}_{\text{g,}\mspace{360mu}\text{V}}$$ v~g,V~ and v~g,H~ are growth rates of vegetative and heterocyst cells, respectively. The calculated biomass objective function was multiplied by 1.1 for two-cell models to report the total growth rate. The two-cell model includes 1970 variables including reaction fluxes of the two cells, three transport reactions (for intercellular exchange of sucrose, glutamine, and glutamate), and a slack variable for [Eq 2](#pone.0227977.e002){ref-type="disp-formula"}. This model also includes 1844 equations including 1842 equations from the two metabolic models and Eqs [2](#pone.0227977.e002){ref-type="disp-formula"} and [3](#pone.0227977.e003){ref-type="disp-formula"}. Prefixes Vegetative and Heterocyst were used to indicate metabolites and reactions of the vegetative and heterocyst models, respectively. It should be mentioned that Eqs [2](#pone.0227977.e002){ref-type="disp-formula"} and [3](#pone.0227977.e003){ref-type="disp-formula"} were also added to the two-cell model presented by Malatinszky et al. \[[@pone.0227977.ref036]\].

### Regulated two-cell model {#sec008}

The TRFBA algorithm presented by Motamedian et al. \[[@pone.0227977.ref043]\] was applied to integrate gene expression data \[[@pone.0227977.ref042]\] of vegetative and heterocyst cells in photoautotrophic and heterotrophic conditions for *A*. *variabilis* ATCC 29413 with the two metabolic models. This algorithm first converted the metabolic model to irreversible and "without OR" form that increased the number of variables to 3669 for the two-cell model. Then, TRFBA added a constraint for each metabolic gene with measured expression level to the two-cell model using [Eq (4)](#pone.0227977.e004){ref-type="disp-formula"}. $${\sum\limits_{\text{i} \in \text{K}_{\text{j}}}\text{v}_{\text{i}}} \leq \text{E}_{\text{j}} \times \text{C}$$ where K~j~ denotes the set of indices of reactions supported by metabolic gene j, v~i~ is the flux of reaction i, and E~j~ is the expression level of j^th^ gene. C is a constant parameter that converts the expression levels to the upper bounds of the reactions. The unit for C is mmol gDCW^-1^h^-1^ and this coefficient indicates the maximum rate supported by one unit of the expression level of a gene. The optimal value of C was determined using sensitivity analysis. By adding a positive slack variable (a~j~) for each gene to [Eq 4](#pone.0227977.e004){ref-type="disp-formula"}, the inequality constraint is transformed into an equality constraint ([Eq 5](#pone.0227977.e005){ref-type="disp-formula"}).
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The expression level of 951 metabolic genes was measured for heterocysts and vegetative cells and hence, 1902 variables and equations were added to the regulated two-cell model. The added equations and variables were named with their corresponding gene and prefix Vegetative or Heterocyst. The maximum uptake rate of HCO~3~ was set to 1 mmol/gDCW/h and the maximum uptake rate of N~2~ and photon was set to 1000 mmol/gDCW/h to simulate photoautotroph and diazotrophic growth condition. The maximum uptake rate of HCO~3~ and photon was set to experimental values \[[@pone.0227977.ref063]\] for comparison with the two-cell models. To simulate the heterotrophic growth condition using the regulated two-cell model, fructose as carbon and energy source with the maximum uptake rate of 1 mmol/gDCW/h was selected as carbon and energy sources for vegetative cells instead of HCO~3~ and photon.

Shadow price was also calculated for each metabolic gene to determine the gene that controls the growth rate of *A*. *variabilis* in high irradiance. Shadow price shows sensitivity of the objective function to change in the right-hand side vector of [Eq (5)](#pone.0227977.e005){ref-type="disp-formula"} according to [Eq 6](#pone.0227977.e006){ref-type="disp-formula"}.
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Shadow price indicates the effect of one unit increase in gene expression on the predicted growth rate of *A*. *variabilis*. Its positive value for a gene shows that the expression level of the gene is not adequate and this level as an intracellular constraint controls the metabolism for growth.

Maximization of biomass and hydrogen production was used as the objective function for calculations using the regulated two-cell model. Maximal and minimal hydrogen secretion rates were calculated for suboptimal conditions for a fixed growth rate of 90% which is optimal growth and their flux distributions were compared to find strategies for improvement of hydrogen production. To avoid the well-known degeneracy of solutions, the Manhattan norm of the flux distributions was minimized while the growth and hydrogen production rates were bound to the intended values.

Results and discussion {#sec009}
======================

The metabolic network of *A*. *variabilis* ATCC 29413 {#sec010}
-----------------------------------------------------

A draft metabolic network of *A*. *variabilis* based on genome annotation and data presented in relevant databases was reconstructed manually and then was refined. The reconstruction process has been discussed in the material and methods section. The final model includes central metabolic pathways such as glycolysis, pentose phosphate pathway (PPP), incomplete tricarboxylic acid (TCA) cycle, and Calvin-Benson cycle. In addition, it consists of pathways for biosynthesis of lipids, amino acids, cofactors, vitamins, nucleotides, pigments, and reactions involved in hydrogen metabolism. The resulting single-cell metabolic model (iAM957) includes 960 reactions and 912 metabolites as well as 957 genes that encode enzymes which are responsible for these reactions. The reactions take place in four compartments including cytoplasm, thylakoid, periplasm, and extracellular. Reactions in the network are divided into eight categories comprising 47 pathways, the distribution of which is shown in [Fig 1(a)](#pone.0227977.g001){ref-type="fig"}. 113 reactions out of 960 are non-gene assigned reactions but they are present in the model. This happens for two reasons; either there was biochemical data confirming their occurrence in the metabolism, or they were necessary for growth. [Fig 1(b)](#pone.0227977.g001){ref-type="fig"} shows both the number of genes assigned and non-gene assigned reactions in each category.

![Properties of iAM957.\
(a) distribution of the metabolic reactions in the categories. (b) number of non-gene associated (red) and gene associated (blue) reactions in each category.](pone.0227977.g001){#pone.0227977.g001}

A summary of iAM957 and a comparison between the metabolic models of *A*. *variabilis* ATCC 29413, *Synechocystis* sp. PCC6803, PCC 7942, *Spirulina platensis*, and *Anabaena* sp. PCC 7120 is presented in [Table 1](#pone.0227977.t001){ref-type="table"}. It can be seen that the features of the reconstructed metabolic models for cyanobacteria are different. For example, a comparison between iAM957 and iJN678 demonstrates that iAM957 has more reactions. It is rational considering that *A*. *variabilis* has a larger genome. There are 276 reactions in iAM957 that are not present in iJN678 and there are 158 reactions in iJN678 that are not present in iAM957. Fig A in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"} indicates that the different reactions are distributed in various pathways.

10.1371/journal.pone.0227977.t001

###### Features of the metabolic model reconstructed for *A*. *variabilis* ATCC29413 in comparison with metabolic models of other cyanobacteria.

![](pone.0227977.t001){#pone.0227977.t001g}

  --------------------- ----------------------------- ----------------------------------- ------------------------------------ --------------------------------------- -----------------------------------
  Features              iAM957 (This study)           iJN678 \[[@pone.0227977.ref033]\]   iSyf715 \[[@pone.0227977.ref085]\]   *Anabaena* \[[@pone.0227977.ref036]\]   iAK692 \[[@pone.0227977.ref086]\]
  Species               *A*. *variabilis* ATCC29413   *Synechocystis* sp. PCC 6803        *Synechococcus* elongatus PCC7942    *Anabaena* sp. PCC 7120                 *S*. *platensis*
  Reactions             983                           863                                 895                                  897                                     875
  metabolic reactions   825                           706                                 851                                  818                                     699
  other reactions       161                           157                                 44                                   79                                      176
  metabolites           926                           795                                 838                                  777                                     837
  Included genes        957                           678                                 715                                  862                                     692
  Total genes           5772                          3725                                2906                                 5368                                    6176
  Percent of coverage   16.6                          18.2                                24.6                                 11.1                                    11.2
  Subsystems            47                            54                                  \-                                   38                                      \-
  --------------------- ----------------------------- ----------------------------------- ------------------------------------ --------------------------------------- -----------------------------------

Evaluation of the single-cell and two-cell models {#sec011}
-------------------------------------------------

### Growth prediction and effect of heterocyst frequency {#sec012}

The correlation coefficients between the predicted and measured relative growth rates for two single-cell models are presented in [Table 2](#pone.0227977.t002){ref-type="table"}. The predicted rates by both models significantly correlate with the experimental values but the correlation for the single-cell model of this research is a little higher than that for Malatinszky et al. \[[@pone.0227977.ref036]\]. The predicted relative growth rates by two single-cell models were also compared with experimental values in Table B in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}. It can be seen that both models present appropriate predictions of the mixotrophic growth on various carbon sources relative to the autotrophic growth on bicarbonate.

10.1371/journal.pone.0227977.t002

###### The Pearson correlation between the predicted and measured relative growth rates on various carbon sources for the two single-cell models.

![](pone.0227977.t002){#pone.0227977.t002g}

                                    Single-cell model   
  --------------------------------- ------------------- ------------
  Pearson correlation coefficient   0.87                0.79
  P-value                           1.24×10^−4^         1.3×10^−3^

Both two-cell models predict that the increase of the heterocyst percentage slightly decreases the growth rate Fig B in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}. Previous researches confirm the predicted effect of heterocyst frequency. Sallah et al. \[[@pone.0227977.ref064]\] demonstrated that adding an amino acid analog (DL-7-azatryptophan) into the growth medium of *A*. *variabilis* ATCC 29413 increased the heterocyst frequency and conversely, reduced the growth. Furthermore, Berberoğlu et al. \[[@pone.0227977.ref065]\] experimentally indicated that the growth rate of *A*. *variabilis* ATCC 29413 in absence of nitrate is smaller than when nitrate is present.

### Prediction of autotrophic growth {#sec013}

The comparison of predicted autotrophic growth rates for the two-cell models using FBA and regulated two-cell model using TRFBA with experimental data \[[@pone.0227977.ref063]\] is illustrated in [Fig 2](#pone.0227977.g002){ref-type="fig"}. Sensitivity analysis of the relative error in the prediction of growth rate with respect to the C values was applied to determine the optimal value of 0.05 mmol/gDCW/h for the C parameter of the TRFBA algorithm Fig C in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}.

![Comparison of growth rates predicted by the two-cell models and the regulated two-cell model with experimental data \[[@pone.0227977.ref063]\].\
The labeled values indicate irradiance (lux) and bicarbnate uptake rate (mmol/gDCW/h), respectively, for each data. The same colors were used for distant points with the same experimental data.](pone.0227977.g002){#pone.0227977.g002}

It illustrates that TRFBA and FBA predictions in low irradiance are approximately the same and close to the experimental data while FBA for both two-cell models overestimates the growth rate under high irradiances and bicarbonate uptake rates. FBA does not generally apply any intracellular constraint and only extracellular constraints including bicarbonate and photon uptake rates control the predicted growth rates. Overprediction for high irradiances and uptake rates indicates that intracellular constraints are inhibiting the growth and so, expression data were integrated with the two-cell metabolic model using TRFBA to impose the intracellular constraints and to find the origin of the inhibition. TRFBA limits the upper bound of intracellular reactions based on the expression level of their corresponding genes. The calculated shadow prices for metabolic genes indicate that the growth rate is sensitive to the expression level of Ava_1852 in the vegetative cells. This gene is responsible for synthesis of protein PsbJ that is one of the components of the core complex of photosystem II. The mean expression level of Ava_1852 is 56 that is significantly less than the average expression level for vegetative cells. Hence, TRFBA predicts that PSII is limiting reaction which controls growth in high levels of radiation and bicarbonate uptake. Shadow price for other genes was zero and hence, the regulated two-cell model predicted that the measured expression level of other genes was adequate for growth. Fig D in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"} presents the predicted growth rate versus expression level for some genes of photosystem II using the regulated two-cell model. It can be seen that only the expression level of PsbJ was not sufficient for optimal growth. The inhibited growth of *A*. *variabilis* at high irradiance has also been stated by Yoon et al. \[[@pone.0227977.ref066], [@pone.0227977.ref067]\]. It is also expressed that high light intensities destroy photosystem II reaction centers and lead to photoinhibition on the growth of the cyanobacterium \[[@pone.0227977.ref068], [@pone.0227977.ref069]\].

Furthermore, the predicted changes in the intercellular exchange fluxes under various autotrophic growth was evaluated using experimental data of Berberoğlu et al. \[[@pone.0227977.ref063]\]. No constraint was imposed on the intercellular exchange fluxes of the three two-cell models. FVA \[[@pone.0227977.ref070]\] was used to calculate the flux variability of each intercellular exchange reaction. The two-cell model of Malatinszky et al. \[[@pone.0227977.ref036]\] predicted that both sucrose and glutamate can be used as the main carbon source (Fig E(a) in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}). However, our two-cell model predicts that sucrose is transported to heterocysts as carbon source in all conditions (Fig E(b) in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}). Experimental reports also suggest that the main carbon source for heterocysts is sucrose \[[@pone.0227977.ref071]\].

Interestingly, glutamate and sucrose intercellular exchange reactions are coupled in the two-cell model of Malatinzsky et al. \[[@pone.0227977.ref036]\] and the sucrose rate is maximized when glutamate is exchanged at the maximum rate. Furthermore, Fig E in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"} shows that maximum exchange rates for this two-cell model are always higher than those for our two-cell models and the rates unreasonably increase with an enhancement of irradiance. The maximal sucrose uptake rate of 46.8 mmol/gDCW/h is calculated at an irradiance of 16100 lux and bicarbonate uptake rate of 2.14 mmol/gDCW/h while this rate for our two-cell is 1.29 mmol/gDCW/h. This indicates that there is an internal cycle of carbon in the two-cell model of Malatinzsky et al. \[[@pone.0227977.ref036]\]. This cycle circulates carbon sources between heterocyst and vegetative cells and the required energy for this circulation is provided by uptake of photon. Comparison between flux distributions for maximum and minimum intercellular exchange rates indicates that many reactions are involved in generating this internal cycle. Hence, Malatinzsky et al. \[[@pone.0227977.ref036]\] fixed the glutamine-glutamate exchange ratio to one that results in the reduction of the effect of this cycle.

The regulated two-cell model also transports sucrose to heterocyst in low irradiance (Fig E(c) Fig in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}). But both sucrose and glutamate can be used as the main carbon source at high irradiance. This result is rational because the model predicts that the growth rate is constant at high irradiance because of the limitation of PSII (as previously explained) and given the extra bicarbonate available, none of the sources are preferred for carbon transport.

Analysis of *A*. *variabilis* for hydrogen production {#sec014}
-----------------------------------------------------

### Selection of the appropriate cell for hydrogen production {#sec015}

The major obstacle for producing hydrogen using photosystems is the sensitivity of nitrogenase and hydrogenase enzymes to oxygen \[[@pone.0227977.ref072]\]. For this purpose, the two-cell model was applied to analyze the simultaneous effect of oxygen and hydrogen exchange on photoautotrophic growth using vegetative and heterocyst cells of *A*. *variabilis*. [Fig 3(a)](#pone.0227977.g003){ref-type="fig"} shows that more hydrogen production in vegetative cells increases oxygen production at a constant growth rate. In fact, when the cell is growing in photoautotrophic conditions, the model predicts that providing an oxygen-free environment in vegetative cells is not possible. Unlike the vegetative cells, [Fig 3(b)](#pone.0227977.g003){ref-type="fig"} reveals that more hydrogen production reduces oxygen consumption in heterocysts at a constant growth rate. That is; hydrogen production reduces the growth rate at a constant oxygen exchange rate for both cell types.

![Double robustness analysis using the regulated two-cell model for photoautotrophic growth of *Anabaena variabilis*.\
The heatmap presents changes in the growth rate with varying oxygen exchange and hydrogen production fluxes in a) vegetative and b) heterocyst cells.](pone.0227977.g003){#pone.0227977.g003}

The model's prediction is in agreement with the literature \[[@pone.0227977.ref072]\] in which heterocyst provides an oxygen-free environment for hydrogen production. Furthermore, experimental data of Berberoğlu et al. \[[@pone.0227977.ref065]\] showed that larger hydrogen production rates are obtained for a medium including higher heterocyst frequency. The spatial separation achieved through the differentiation of heterocyst overcomes oxygen sensitivity issues. As a result, heterocyst is a more suitable host for hydrogen production in the photoautotrophic conditions.

The reason for different metabolisms of vegetative cells and heterocysts is that oxygen-evolving photosystem II in heterocyst is inactivated \[[@pone.0227977.ref073], [@pone.0227977.ref074]\] and the model also predicts that oxygen flux from the environment into heterocyst is very low (see [Fig 4](#pone.0227977.g004){ref-type="fig"}). The predicted consumption and production rate of the cytoplasmic oxygen molecule in the metabolism of heterocyst is 8.45×10^−4^ mmol/gDCW/h which is much less when compared to the vegetative cell (1.07 mmol/gDCW/h). Besides the fact that glutamate has one more oxygen atom than glutamine, glutamine-glutamate exchange and sucrose transfer to heterocyst provide oxygen atom without a need for O~2~ uptake. Jensen and Cox \[[@pone.0227977.ref074]\] measured oxygen concentration in the heterocysts of *A*. *variabilis* and concluded that a little amount of O~2~ is necessary to be entered into the heterocyst for providing the energy through respiration which is in agreement with the metabolic model. The diffusion of oxygen to heterocyst through its cell envelope is very low because of the glycolipid and polysaccharide layers and the remaining oxygen is maintained close to zero by respiration \[[@pone.0227977.ref073]\]. Low O~2~ demand in the metabolism in addition to low O~2~ diffusion provides an anaerobic environment for the oxygen-sensitive nitrogenase and hydrogenases to be active in the heterocyst.

![The predicted flux distributions for minimal (top) and maximal (down) hydrogen production under a constant growth rate.\
Abbreviations of metabolites are available in [S1 File](#pone.0227977.s001){ref-type="supplementary-material"}.](pone.0227977.g004){#pone.0227977.g004}

The model predicts that interaction between hydrogen and oxygen in vegetative cells for heterotrophic growth on fructose is similar to what was predicted for heterocyst in photoautotrophic conditions (Fig F in [S4 File](#pone.0227977.s004){ref-type="supplementary-material"}). This result is rational for every metabolic model of cyanobacteria because fructose provides both energy and carbon sources for the cell in heterotrophic conditions. However, in photoautotrophic conditions, bicarbonate is used as a carbon source and photon uptake that is necessary for energy generation produces oxygen. Some researchers proposed a two-stage operation for hydrogen production which is in agreement with the model \[[@pone.0227977.ref072]\]. At the first stage, cyanobacteria grow photoautotrophically and glycogen is accumulated. At the second stage, hydrogen is produced anaerobically by switching from photoautotrophic metabolism to dark fermentation and consuming accumulated glycogen.

### Improvement of hydrogen production {#sec016}

The intact cells of nitrogen-fixing cyanobacteria produce net hydrogen in small amounts \[[@pone.0227977.ref075]\]. Thus, the two-cell metabolic model was applied to find improvement strategies for hydrogen production by heterocysts in photoautotrophic and diazotrophic conditions. The model predicts that hydrogen is not produced at the optimal growth rate of *A*. *variabilis* because of the fact that the increase in hydrogen secretion amount is not in accordance with further growth rate ([Fig 3(b)](#pone.0227977.g003){ref-type="fig"}). Thus, the objective function of the regulated two-cell model was changed to hydrogen production in the suboptimal condition of the 90% optimal growth rate to identify pathways and reactions which are effective on hydrogen production in heterocysts. To determine reactions involved in improving the hydrogen production process, flux distribution for maximal and minimal hydrogen productions was compared to each other. The list of up- and down-regulated reactions and their fluxes during maximal and minimal hydrogen production is available in [S5 File](#pone.0227977.s005){ref-type="supplementary-material"}.

The main reactions that have been up- and down-regulated for improvement of hydrogen production proposed by the two-cell model are shown in [Fig 4](#pone.0227977.g004){ref-type="fig"}. In the vegetative cell, it can be seen that the activation of ribulose-bisphosphate carboxylase is increased and more 3-phosphoglycerate has been produced. Successive reactions of the Calvin-Benson cycle and glycolysis pathway have resulted in the overproduction of fructose 6-phosphate and UDP-glucose that in turn are converted to sucrose during the pathway of sucrose metabolism. Required energy and redox cofactors for increasing the sucrose production are provided via the activation of photosystems I and II.

Sucrose, as the carbon source, is transported from vegetative cell to heterocyst and is converted to fructose and UDP-glucose via a reverse reaction catalyzed by alkaline invertase. The experimental results obtained by Schilling and Ehrnsperger \[[@pone.0227977.ref076]\] confirms the presence of sucrose synthase in vegetative cells and of alkaline invertase in heterocysts. In heterocyst, in a reverse process compared to the vegetative cell metabolism, UDP-glucose is converted to glucose 6-phosphate using UDP--glucose pyrophosphorylase and phosphoglucomutase, then fructose is converted to fructose 6-phosphate by fructokinase.

The two-cell model utilizes glucose 6-phosphate dehydrogenase (G6PDH2), 6-phosphogluconolactonase, and phosphogluconate dehydrogenase from the oxidative pentose phosphate pathway (OPPP) to change glucose 6-phosphate to ribulose 5-phosphate. In the model, enzymes of OPPP and also hexokinase are active and have fluxes, which is in agreement with the results published by Winkenbach and Wolk \[[@pone.0227977.ref077]\] for *Anabaena cylindrica*. Summers et al. \[[@pone.0227977.ref078]\] demonstrated that reactions of OPPP and G6PDH are the essential catabolic routes for providing redox cofactors for nitrogen fixation and respiration in differentiated heterocysts and this is what the model confirms properly.

Utilization of OPPP produces two moles of NADPH per mole of glucose 6-phosphate, and then ribulose 5-phosphate is converted to glyceraldehyde 3-phosphate using the non-oxidative pathway of PPP. NADPH is used to produce hydrogen by applying NADPH-linked bidirectional Hox hydrogenases in maximal condition, for producing ATP in respiratory electron transport (RET), and also transferring electrons from ferredoxin in PSI. On the other hand, nitrogenase employes ATP and ferredoxin to produce ammonium and hydrogen. Ammonium activates the glutamine-glutamate shuttle to provide the nitrogen source to the vegetative cell. [Fig 4](#pone.0227977.g004){ref-type="fig"} shows that this shuttle is not applied to improve hydrogen production, and the rate of nitrogenase activity does not change in the maximal and minimal conditions. In fact, Hup hydrogenase consumes the produced hydrogen by nitrogenase to generate reduced ferredoxin. Hup hydrogenase reutilizes the evolved hydrogen by nitrogenase so that almost hydrogen production would not be detectable \[[@pone.0227977.ref079], [@pone.0227977.ref080]\]. Furthermore, removal of Hup hydrogenase improves hydrogen production significantly \[[@pone.0227977.ref081], [@pone.0227977.ref082]\].

The model proposes another less-known pathway for the production of hydrogen. Fructose 6-phosphate produced by fructokinase is converted to 3-phosphoglycerate through glycolysis pathway. Afterwards, 3-phosphoglycerate is converted to formate and CO~2~. This process provides NADH that in turn is used to produce hydrogen using NADH-linked Hox hydrogenases in maximal condition.

In fact, the two-cell model proposes that the activation of NAD(P)H-linked Hox hydrogenases and the other optimal pathways supply required NADH and NADPH for the production of 60% of hydrogen using Hox hydrogenase in the maximal condition. The high theoretical potential of Hox hydrogenase to produce hydrogen has been investigated \[[@pone.0227977.ref079]\]. Hox hydrogenase has the capacity of both re-oxidizing and producing hydrogen. However, its removal results in less hydrogen production \[[@pone.0227977.ref082]\]. Moreover, it is the Hup hydrogenase, and not the bidirectional enzymes which is the most effective element in recycling hydrogen \[[@pone.0227977.ref080]\]. These results indicate that Hox hydrogenase act as a hydrogen producer in *A*. *variabilis*. It is worthy to mention that the metabolic energy demand for Hox hydrogenase is less than nitrogenase activity to produce hydrogen \[[@pone.0227977.ref075]\]. Nitrogen fixation is an expensive reaction energetically that consumes 16 ATP molecules for the reduction of N~2~ and generates only one molecule of H~2~ \[[@pone.0227977.ref072], [@pone.0227977.ref083]\]. Besides of the fact of the high energy demand for nitrogen fixation, the nitrogenase turnover rate is 6.4 s^-1^ which is very slow in comparison with the turnover rate of Hox hydrogenase (98 s^-1^) \[[@pone.0227977.ref072], [@pone.0227977.ref084]\]. Considering this issue that Hox hydrogenase in cyanobacteria primarily functions as a redox regulator for maintaining a proper oxidation/reduction state in the cell \[[@pone.0227977.ref079]\], we should perceive that activation of the proposed optimal pathways provide the required redox cofactors for significant improvement of hydrogen production by Hox hydrogenase.

Conclusion {#sec017}
==========

In this study, a curated genome-scale metabolic network for heterocystous cyanobacterium *A*. *variabilis* ATCC 29413 was reconstructed using the information presented in the databases and research papers. iAM957 was used to construct the single-cell for simulation of growth in the presence of nitrate and the two-cell model for simulation of diazotrophic condition. The models were compared with the single-cell and two-cell models previously presented by Malatinszky et al. \[[@pone.0227977.ref036]\]. The single-cell models properly predicted mixotrophic growth on various carbon sources, however, the two-cell models overestimate the growth under autotrophic and diazotrophic conditions. Hence, gene expression data of vegetative cells and heterocysts for *A*. *variabilis* ATCC 29413 was used and the regulated two-cell model was constructed. In accordance with previous research, this model predicted that PSII controls growth under high irradiance and heterocyst is a more suitable host for hydrogen in the photoautotrophic and diazotrophic conditions. The model was then used to predict up/down-regulation strategies to enhance the production of hydrogen. For this purpose, the flux distribution under the minimal and maximal hydrogen production was compared and the reactions whose fluxes increased/decreased were identified. The proposed changes for the improvement of hydrogen production were in agreement with previous experimental works. The proposed metabolic model not only is useful for in silico study the metabolism of this filamentous, diazotrophic cyanobacterium but also it could be a valuable tool for improvement of bioproducts production using the two-cell system of *A*. *variabilis*.

Supporting information {#sec018}
======================

###### The metabolite and reaction lists of *Anabaena variabilis* ATCC29413 metabolic model and reference papers used for extracting reactions.

(XLS)

###### 

Click here for additional data file.

###### Details of calculations for biomass reaction formula.

(XLSX)

###### 

Click here for additional data file.

###### The mat-files of the two-cell models for implementation in MATLAB.

(ZIP)

###### 

Click here for additional data file.

###### Supplemental figures and tables.

(DOC)

###### 

Click here for additional data file.

###### The list of up- and down-regulated reactions and their fluxes during maximal and minimal hydrogen production.

(XLS)

###### 

Click here for additional data file.
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Reviewer \#1: The manuscript entitle "Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413" by Shahkouhi and Motamedian presents modeling work towards the understanding of the phototrophic metabolism of A. variabilis. Authors reconstructed a combined model using two physiological stages of A. variabilis, while studying hydrogen production. Overall, the study is not novel from the modeling perspective because there are available more comprehensive models of Anabaena. Previous studies utilized the same combined model approach, thus, authors should compare their results with modeling outcomes of previously reconstructed models. Additionally, authors should contextualize their experimental evidence for a better data description of the Anabaenas' metabolism at genome-scale.

Critical issues

The introductory paragraph must highlight, why authors pick the Anabaena variabilis ATCC 29413 strain.

Supplementary file S2 couldn't be simulated due to problems that have been encountered in the model structure inconsistent Fields: S: mets: Size of S does not match elements in mets, b: mets: Size of b does not match elements in mets. Please provide the Supplementary file 2 again.

Model structure should be compared with other available models for A. variabilis.

Overall, the article is not publishable in this incomplete condition. Authors performed a limited number of analyses, which almost seem like preliminary tests. Moreover, the predictions in this article are not compared or validated with experimental data, which make a confusing situation for the readers. Mostly, the authors' claims are based on the predictions, which cannot be believed until verified with some experimental data. I was hoping, at least, the scientific community can take some advantage using the proposed model, but the model is in bad shape which cannot be used or propagate by incorporating more pathways or reactions to understand the broader metabolic behavior of the organism. These models contain non-standard reaction and metabolite ids, which do not match to any reaction databases.

Minor general issues

Line 12. Please, correct the organism name

Line 19 to 21. Please reword this sentence

Line 25 to 26. Homogenize capital letters

Line 35. Rephrase as \"basic requirements for life are carbon, oxygen and nitrogen\"

Line 37, the word \"only\" is too vague. What is it referring to? Number of different nutrients? Concentrations? Authors should be more specific about this claim

Line 39 to 40, this sentence is confusing

Line 67. Change "sequenced data" by genomic sequenced data.

Line 71. Update references some suggestions are doi: 10.1186/s13068-018-1244-3 and 10.1042/BST20170242.

Line 100. Change "applied" by "used"

Line 142. Delete "Upper and lower limits of all reversible reactions were set to 1000 and -1000 mmol/gDCW/h, respectively. Fluxes were limited between 0 and 1000 mmol/gDCW/h for all intracellular irreversible reactions".

Figures

Figure 1b -- no information is provided about what two different colors are meant for. Figure 2 -- this figure is confusing. Irradiance values are missing from some of the small squares. Figure 3 -- Panel names (a, b ?) are missing. It is not known what the colors in these heatmaps stand for. What data have been plotted here, which is leveled by the color bar? Figure 4 -- these proposed alternations are not beneficial until they are not compared with the experimental data.

Reviewer \#2: In this study the authors have built a genome scale metabolic model to analyze the hydrogen production in the heterocystous cyanobacteria Anabaena Variabilis. Both a single cell model and a two-cell model, accounting for the vegetative cell and heterocyst, were constructed. The models were evaluated by comparing their growth rate against experimentally reported values. The two-cell model was first used to compare the oxygen production rate in the vegetative cell and the heterocyst. The analysis showed that the oxygen production is negligible in the heterocyst as compared to vegetative cell and therefore heterocyst is more suitable for hydrogen production. The model was then used to predict up/down-regulation strategies to enhance the production of hydrogen. For this purpose, the flux distribution under the minimal and maximal hydrogen production were compared and the reactions whose fluxes increased/decreased were identified. The manuscript is a nice contribution of a heterocystous cyanobacterium, however, a number of issues need to be resolved first

Major comments:

• Page 6 and line 123-132: What is the source of information about the relative fraction of different lipids (MGDG, SQDG, DGDG and PG)? The author should cite the appropriate reference. Similarly, the text should directly indicate what is the source of information for the glycogen content and pigment content. If the authors have taken the peptidoglycan and LPS content from Synechocystis 6803 model (Nogales et al., 2012) and this needs to be mentioned in the text.

• Section 2.3.1: What is the purpose of the single cell model? This is not made clear in this study. The only place where the single cell model is used in this study is in Section 3.2. There the authors compare the predictions of the single cell model and two-cell model with the experimental data. However, there is no clear discussion about the purpose of using the single cell model in this analysis. The authors should clarify why the analysis using single model is needed for this study.

• Section 2.3.2: Does the two-cell model have separate biomass formation equations for the heterocyst and vegetative cell? If yes, then do the authors assume that their biomass compositions are same/different? The authors should modify the text to include these details.

• Section 2.3.2: What is the biomass objective function for the two-cell model? Is it only the growth of the vegetative cell or the growth of both the cell types in the ratio they are found in the filaments. This a very important information and the authors should incorporate this detail into the text in section 2.3.2

• Section 2.3.2: In Anabaena sp. PCC 7120 model (Malatinszky et al., 2017), the intercellular cellular exchange flux of glutamine and glutamate was fixed to 1. If they are not fixed at this ratio, then the heterocyst super-compartment uses glutamate as carbon source instead of sucrose. What are the constraints on the intercellular exchange fluxes in this study? Did the authors constrain the ratio of intercellular exchange fluxes of glutamate and glutamine? Is sucrose the only carbon source used by the heterocyst compartment or does it utilize glutamate as well? The authors should provide these details in the text.

• One of the major contributions of this work is the model based prediction of up/down regulation strategies for the enhanced hydrogen production. This was accomplished by comparing the FBA predicted flux under minimal and maximal hydrogen production conditions to identify the reactions/pathways that needs to be up/downregulated for the enhanced production of hydrogen. This strategy is not complete since FBA does not always have a unique solution. The more appropriate way is to consider the feasible flux ranges predicted using Flux variability analysis (FVA) (Mahadevan and Schilling, 2003) under the minimal and maximal hydrogen production e.g. (Englund et al., 2018).

Minor comments:

• Page 4 and line 58-61: This sentence is grammatically incorrect. The authors should drop the word 'since' in the beginning of the sentence or the 'and' in the middle of the sentence.

• Page 4 and line 73-74: Instead of 'exchange effect of intercellular metabolites', it is better to use 'effect of intercellular exchange of metabolites'.

• Page 7 and line 144 to 148: This sentence has grammatical error and that makes it difficult to understand. The others should reframe it or break it into multiple sentences so that it is easy to understand.

• Page 13 and line 298 to 300: The short form for bidirectional hydrogenase is 'Hox' not 'Hop'.

• In some places the authors use 'Hup' to refer to the uptake hydrogenase. But in other places they refer to it as 'uptake hydrogenase'. The authors should use a consistent nomenclature.

• In some places the authors use 'Hox' to refer to the bidirectional hydrogenase. But in other places they refer to it as 'bidirectional hydrogenase'. The authors should use a consistent nomenclature.

• Page 13 and line 296: It is not appropriate to use the word 'activation' in this sentence as it conveys a different meaning and the oxidative pentose phosphate pathway is already active under the non-hydrogen-producing condition. The word 'Utilization' is more appropriate.

• Figure 3: Which parameter do the pixel color in heat map correspond to. Growth rate? This needs to be mentioned in the figure legend.
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Reviewer \#3: General remarks:

This article discuss the metabolic interactions of the two differentiated cells and construct a two-cell metabolic model to improve hydrogen production. The authors find that the removal of uptake hydrogenase and activation of some reactions to provide redox cofactors by bidirectional hydrogenase could improve hydrogen production. Overall, this article is well organized and its presentation is good. However, some minor issues still need to be improved:

\(1\) In chapter 1. Introduction: The topic is interesting but the purpose of the article is not clearly stated. After revision please, redefine the introduction and key words.

\(2\) In chapter 2. Material and Methods: It is suggested to revise the section \"2.3. In silico simulations\". The detailed model simulation (e.g. calculation formulas and so on) needs to be added to the Supporting Information in order to support the description in the text.

\(3\) It is suggested to add the part of \"4. Conclusion\" in this article.

\(4\) In Table1, the decimal values for points should be given uniformity. For example, the percent of non-gene assigned reactions should be 11.0.

\(5\) In Figure 1(b), please add the title of the coordinate axis x.

\(6\) The list of references is not in our style. It is close but not completely correct. Please revised before submitting a revision.

Reviewer \#4: Overview:\-\-\-\-\-\-\-\-\-\-\-\-\-\--

In the manuscript titled \"Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413\", the authors describe genome-scale network reconstruction (GENRE) and metabolic reconstruction of Anabaena variabilis ATCC29413. Indeed, this will be the first published metabolic model for the species; and thus, by itself is a valuable tool for not only Anabaena variabilis community but also the metabolic modeling community in general. Apart from this authors discussed biohydrogen production in A. variabilis with its distinct cells: vegetative and heterocytes.

However, I find that manuscript is poorly written and has a lot of grammatical errors. I have tried to list many of them from introduction but stopped keeping track after a while because there were so many. The authors should go through the manuscript and make sure that these instances are fixed.

More importantly, the authors need to provide additional simulations and benchmark their models with existing models of other cyanobacteria or other two-cell models. The only benchmark, Figure 2, is quite opaque and not very informative of the model performance. Figure 3 is missing color axis labels. Figure 4 is not clear from captions. Further, the manuscript does not have a discussion or conclusion section.

Overall, keeping the above points in mind, I think the authors need to undergo major revisions of their manuscript. Please find my detailed comments below.

Comments:\-\-\-\-\-\-\-\--

MAJOR:

193-208:The authors spend considerable amount of text just reiterating whats in the table and figure. The authors should provide a schematic of how various pathways are organized across different compartments. The authors have to realize that these are large-scale models and a simplified schematic detailing the model organization goes a long way for the readers and potential users of their model.

The authors should also discuss how does this model compare to metabolic network reconstructions of other cyanobacteria such as Synechococcus, Synechocystis, etc. Are these differences represented in their model? How does their model compare with the automatically generated model here (<https://www.ebi.ac.uk/biomodels-main/BMID000000140898>) or of a different two-cell model here (Malatinszky et al., 2017: <http://www.plantphysiol.org/content/173/1/509>). Please provide these comparisons.

210-211:In figure 2, I think the authors are trying to compare the growth of their models at different lux. If so, their single cell model is an steady-state FBA model, i.e. it is always linear and will always give global optima of the objective function value. This means that direction of slope of model inputs will be same as that of model outputs (i.e. biomass or growth). They sometimes get a lower growth rate at higher light and higher growth rate at lower light (for e.g. single cell model at 14700 and 8000). This could be because of HCO3 value set by the authors on the model. Basically, this plot is super hard to read and interpret the performance of the model. The authors should also show respective carbon/other nutrient uptake values for these simulations. Just by looking at it as is, I am not sure what\'s going on with the model.

Further, the authors should also explain why they see this output. What is happening in the model when excess light is available? Give us some flux distributions, please explain your results. There are many number of simulations that can be performed to evaluate the model performance and behavior. What is the accuracy of single gene deletion results? Could authors show some of that. As authors of the model, they should perform and discuss such simulations before jumping on the biohydrogen production.

264: The authors are seeing a growth tradeoff in Figure 3(b). What exaplins this growth tradeoff? Also the figure captions need to be written clearly. How is the electron transport chain playing into this? Is the heatmap representing growth or some other flux. Please label the color axes.

There is no conclusion or discussion section for results. The only results authors discuss is the biohydrogen production. The authors should provide a conclusion section. Have they achieved what they set out to achieve? What are still the outstanding questions in biohydrogen production using Anabaena variabilis ATCC29413 that the model couldn\'t address. What is needed to improve the model?

MINOR:

48-50: The sentence reads a bit odd. Here\'s a suggestion: \"In absence of nitrate or ammonia in the growth media, vegetative cells undergo heterocyst differentiation enabling nitrogen fixation.\"

55-58: Again, reads a bit odd. \"Heterocysts are characterized by having a thick cell wall that limits the entrance of oxygen, deactivated O2-producing photosystem II, and a high respiration rate that scavenges the remaining oxygen.\"

59-61: Please check the grammar. Suggestion: \"\...is absent in the heterocysts; and uses sucrose transported from vegetative cells as the dominant form of carbon.\"

61-63: Suggestion: \"\...in heterocysts is transported to vegetative cells..\"

64-66: Has metabolic modeling been done before on this species? If so, please provide references. If not, provide explanation for why it is interesting. In the previous paragraph you mention intercellular exchange of metabolites. The presentation of your idea comes across as choppy. Please integrate this idea there on why there is a need for metabolic model; and then, carry on in the next paragraph with \"Genome-scale metabolic models\...\"

74-77: Suggestion: \"Eventhough genus Anabena has garnered interest for its biohydrogen production during nitrogen fixation \[37-39\], its metabolic models have not been used to study biohydrogen production..\"

79: Please replace \"and researches have been\...\" with \"and has been popular candidate for studying biohydrogen production.\"

81: Once you say, \"hereafter A. variabilis\" please use that.

78-95: In the final paragraph, avoid references and authors should just talk about what their work in this study. Anything that needs a reference, should have been said before this point.

155: Please remove \"two\".

195: Please point the reader to the methods section where you discuss these databases and the process of reconstruction.

280: \"improvement\"? do the authors mean increase, decrease, and compared to what?

282-295:The paragraph is too word and can be shortened to convey the message succinctly and clearly.

\*\*\*\*\*\*\*\*\*\*
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11 Nov 2019

Thank you for your valuable comments. We revised the paper according to your suggestions. Here are our answers to your specified questions.

Reviewer \#1:

The manuscript entitle "Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413" by Shahkouhi and Motamedian presents modeling work towards the understanding of the phototrophic metabolism of A. variabilis. Authors reconstructed a combined model using two physiological stages of A. variabilis, while studying hydrogen production. Overall, the study is not novel from the modeling perspective because there are available more comprehensive models of Anabaena. Previous studies utilized the same combined model approach, thus, authors should compare their results with modeling outcomes of previously reconstructed models. Additionally, authors should contextualize their experimental evidence for a better data description of the Anabaenas' metabolism at genome-scale.

Critical issues

The introductory paragraph must highlight, why authors pick the Anabaena variabilis ATCC 29413 strain.

The manuscript was revised according to your comment and our aim was highlighted.

Supplementary file S2 couldn't be simulated due to problems that have been encountered in the model structure inconsistent Fields: S: mets: Size of S does not match elements in mets, b: mets: Size of b does not match elements in mets. Please provide the Supplementary file 2 again.

Three metabolic models including single-cell, two-cell, and regulated two-cell models were constructed in this research. The single-cell model was used to simulate the growth of vegetative cells on nitrate as a combined nitrogen source. In the presence of nitrate, heterocyst differentiation does not occur, and hence, the reconstructed metabolic model as a single-cell model was applied to predict the growth rate using FBA. This method expresses a metabolic model as a linear programming problem, as in Eq. (1), and defines an objective function (Z).

\(1\)

where c is the vector of the objective function coefficients and S is an m×n matrix with rank ≤ m. m=921 is the number of equations derived from the metabolic model using the mass balance for each metabolite and n=983 is the number of unknown reaction fluxes. b is the right-hand side vector determined by known reaction fluxes, and vmin and vmax are the lower and upper bounds of the variable fluxes, respectively. Upper and lower bounds of all intracellular reversible reactions were set to 1000 and -1000 mmol/gDCW/h, respectively. Fluxes were limited between 0 and 1000 mmol/gDCW/h for all intracellular irreversible reactions. Upper and lower bounds of all exchange reactions were set to 1000 mmol/gDCW/h and zero respectively. Lower bound of exchange reactions for H+, H2O, K, SO4, Pi, and inorganic ions was set to -1000 mmol/gDCW/h and lower bound of exchange reactions for HCO3, NO3, photon was set to -10 mmol/gDCW/h. Maximum uptake rate of each carbon source was determined according to the method presented in \[1\].

The biomass reaction was used as the objective function to be maximized using FBA and the single-cell model was compared with the metabolic model of Anabaena sp. PCC 7120 \[1\] for prediction of growth on different carbon sources. So, according to the method presented in \[1\], mixotrophic growth rate for each carbon source was calculated and divided by autotrophic growth rate on bicarbonate. Correlation between the predicted relative growth rates and experimental values for the two models was determined using the Pearson correlation coefficient.

The two-cell model was constructed to compare its growth predictions under autotrophic and diazotrophic conditions with those predicted by the regulated two-cell model and predicted by the previous two-cell model \[1\]. Upper and lower bounds of all intracellular reactions for the heterocyst and vegetative metabolic models were the same as those for the single-cell model, except those presented in Table S1 (supplementary file S4). As nitrogenase is inhibited irreversibly by oxygen and concentration of oxygen in vegetative cells is high \[2\], it was removed from the metabolic model of the vegetative cell. Reactions RBCh, RBPC, HCO3E, GLMS, and PSII are only present in vegetative cells according to the references presented in Table S1. Oxygen evolving photosystem II (PSII) is inactivated in heterocyst \[3\] because nitrogenase is oxygen-sensitive and in the presence of O2 will be deactivated irreversibly. Besides, the absence of the key enzyme of the reductive pentose phosphate pathway, ribulose 1,5-bisphosphate carboxylase (RBCh and RBPC), in heterocyst has been reported in the literature before \[4, 5\]. Presence of glutamine-2-oxoglutarate aminotransferase (Fd-GOGAT) which is the producer of glutamate from 2-oxoglutarate and glutamine in heterocysts of A. variabilis was doubtful before \[6\], but later it was clearly concluded that heterocysts lack this enzyme \[7\].

Since ribulose 1,5-bisphosphate carboxylase is absent in heterocysts of A. variabilis, fixed carbon in the form of sucrose transfers from nearby vegetative to heterocyst cells as carbon source. In return, heterocysts provide the nitrogen source needed for the metabolism of vegetative cells. Glutamate transports from vegetative cells to heterocysts and the fixed nitrogen in the form of glutamine with an additional nitrogen atom than glutamate with the same carbon skeleton shuttles back to vegetative cells as the nitrogen source for growth \[8\]. Hence, the entire filament can grow by incorporating fixed nitrogen provided in heterocysts. The exchange of these three metabolites (glutamine, glutamate, and sucrose) between the two cell types happens through a continuous periplasm \[9, 10\].

Upper and lower bounds of all exchange reactions for the two-cell model were the same as those for the single-cell model, except for HCO3, N2, NO3, and photon. Uptake of HCO3 was only considered for vegetative cells and consumption of N2 was only considered for heterocysts. To simulate the diazotrophic condition, uptake of NO3 was limited to zero. Considering both vegetative and heterocyst cells can uptake photon, Eq. 2 was added to the model. It should be mentioned that a slack variable was added to the right-hand side of Eq. 2 to transform the inequality constraint into equality.

\(2\)

vp,max indicates the maximum uptake rate of photon, and vp,V and vp,H are photon uptake rates of vegetative cells and heterocysts, respectively. The maximum uptake rates of HCO3 and photon were set to experimental values reported by \[11\].

The biomass reaction of the vegetative cells was used as the objective function to be maximized using FBA. The biomass of heterocyst cells is 5-10 percent of vegetative cells biomass \[2, 12\]. In this research, it was assumed that biomass composition of heterocysts is the same as vegetative cells and heterocysts comprise 10 percent of the entire filament and therefore, Eq. 3 was added to the two-cell model.

\(3\)

vg,V and vg,H are growth rates of vegetative and heterocyst cells, respectively. The calculated biomass objective function was multiplied by 1.1 for two-cell models to report the total growth rate. The two-cell model includes 1970 variables including reaction fluxes of the two cells, three transport reactions (for intercellular exchange of sucrose, glutamine, and glutamate), and a slack variable for Eq. 2. This model also includes 1844 equations including 1842 equations from the two metabolic models and Eqs. 2 and 3. Prefixes Vegetative and Heterocyst were used to indicate metabolites and reactions of the vegetative and heterocyst models, respectively. It should be mentioned that Eqs. 2 and 3 were also added to the two-cell model presented by Malatinszky et al. \[1\].

The TRFBA algorithm presented by Motamedian et al. \[13\] was applied to integrate gene expression data \[14\] of vegetative and heterocyst cells in photoautotrophic and heterotrophic conditions for A. variabilis ATCC 29413 with the two metabolic models. This algorithm first converted the metabolic model to irreversible and "without OR" form that increased the number of variables to 3669 for the two-cell model. Then, TRFBA added a constraint for each metabolic gene with measured expression level to the two-cell model using Eq. (4).

\(4\)

where Kj denotes the set of indices of reactions supported by metabolic gene j, vi is the flux of reaction i, and Ej is the expression level of jth gene. C is a constant parameter that converts the expression levels to the upper bounds of the reactions. The unit for C is mmol gDCW-1h-1 and this coefficient indicates the maximum rate supported by one unit of the expression level of a gene. The optimal value of C was determined using sensitivity analysis. By adding a positive slack variable (aj) for each gene to Eq. 4, the inequality constraint is transformed into an equality constraint (Eq. 5).

\(5\)

The expression level of 951 metabolic genes was measured for heterocysts and vegetative cells and hence, 1902 variables and equations were added to the regulated two-cell model. The added equations and variables were named with their corresponding gene and prefix Vegetative or Heterocyst. The maximum uptake rate of HCO3 was set to 1 mmol/gDCW/h and the maximum uptake rate of N2 and photon was set to 1000 mmol/gDCW/h to simulate photoautotroph and diazotrophic growth condition. The maximum uptake rate of HCO3 and photon was set to experimental values \[11\] for comparison with the two-cell models. To simulate the heterotrophic growth condition using the regulated two-cell model, fructose as carbon and energy source with the maximum uptake rate of 1 mmol/gDCW/h was selected as carbon and energy sources for vegetative cells instead of HCO3 and photon.

Shadow price was also calculated for each metabolic gene to determine the gene that controls the growth rate of A. variabilis in high irradiance. Shadow price shows sensitivity of the objective function to change in the right-hand side vector of Eq. (5) according to Eq. 6.

\(6\)

Shadow price indicates the effect of one unit increase in gene expression on the predicted growth rate of A. variabilis. Its positive value for a gene shows that the expression level of the gene is not adequate and this level as an intracellular constraint controls the metabolism for growth.

The name of each added equation was added to model.mets and so size of b match elements in mets. According to the explanations, the added names are not metabolites name and they are name of genes and the selected names for Eqs. 2 and 3. The explanations were added to the manuscript.

Model structure should be compared with other available models for A. variabilis.

A comparison between the metabolic models of Anabaena variabilis ATCC 29413, Synechocystis sp. PCC6803, Synechococcus elongatus PCC 7942, Spirulina platensis, Anabaena sp. PCC 7120 has been made in the Table 1.

Overall, the article is not publishable in this incomplete condition. Authors performed a limited number of analyses, which almost seem like preliminary tests. Moreover, the predictions in this article are not compared or validated with experimental data, which make a confusing situation for the readers. Mostly, the authors' claims are based on the predictions, which cannot be believed until verified with some experimental data.

More simulations for growth prediction on various carbon sources and investigation of the effect of heterocyst percentage were performed. The predictions of the single-cell and two-cell models presented by Malatinszky et al. \[1\] were compared with our models for the simulation of mixotrophic and autotrophic growth.

I was hoping, at least, the scientific community can take some advantage using the proposed model, but the model is in bad shape which cannot be used or propagate by incorporating more pathways or reactions to understand the broader metabolic behavior of the organism. These models contain non-standard reaction and metabolite ids, which do not match to any reaction databases.

The abbreviated names of reactions and metabolites were determined according to the standard names presented in BIGG. Prefixes Vegetative and Heterocyst were used to indicate metabolites and reactions of the vegetative and heterocyst models, respectively. As presented in the response to your second comment, we also determined a name for the other added equations and variables in the two-cell models for more clarification.

Minor general issues

Line 12. Please, correct the organism name

The organism name was corrected

Line 19 to 21. Please reword this sentence

The sentence was reworded as:

\"It predicts that heterocysts provide an oxygen-free environment and then, the regulated model was used to find strategies for improvement of hydrogen production in heterocysts.\"

Line 25 to 26. Homogenize capital letters

Capital letters were homogenized.

Line 35. Rephrase as \"basic requirements for life are carbon, oxygen and nitrogen\"

The sentence was rephrased as:

Cyanobacteria play a key role in providing the primary elements for life including organic carbon, oxygen, and nitrogen.

Line 37, the word \"only\" is too vague. What is it referring to? Number of different nutrients? Concentrations? Authors should be more specific about this claim

The word \"only\" was omitted.

Line 39 to 40, this sentence is confusing

The sentence \" The energy of sunlight in association with CO2 fixation process converts inorganic carbons to organic ones as carbon skeleton of organisms\", was omitted from the manuscript. This sentence was not necessary for the text.

Line 67. Change "sequenced data" by genomic sequenced data.

The phrase was changed.

Line 71. Update references some suggestions are doi: 10.1186/s13068-018-1244-3 and 10.1042/BST20170242.

Thanks for your suggestions, but our paper was focused on metabolic models of cyanobacteria. 10.1186/s13068-018-1244-3 is about a eukaryotic microalga, and in the paper 10.1042/BST20170242, no metabolic model has been reconstructed.

Line 100. Change "applied" by "used"

In this line, \"applied\" was changed to \"used\".

Line 142. Delete "Upper and lower limits of all reversible reactions were set to 1000 and -1000 mmol/gDCW/h, respectively. Fluxes were limited between 0 and 1000 mmol/gDCW/h for all intracellular irreversible reactions".

The word "intracellular" was added to make the sentence meaningful.

Figures

Figure 1b -- no information is provided about what two different colors are meant for.

The blue color is for gene associated reactions and red color is for non-gene associated reactions. this explanation was added to the figure 1b.

Figure 2 -- this figure is confusing. Irradiance values are missing from some of the small squares.

The same colors were used for the distant points but with the same data to make the figure clear.

Figure 3 -- Panel names (a, b ?) are missing. It is not known what the colors in these heatmaps stand for. What data have been plotted here, which is leveled by the color bar?

\(a\) and (b) were added. The heatmap presents changes in the growth rate with varying oxygen exchange and hydrogen production fluxes in a) vegetative and b) heterocyst cells. The figure caption was corrected.

Figure 4 -- these proposed alternations are not beneficial until they are not compared with the experimental data.

The proposed changes for the improvement of hydrogen production was in agreement with previous experimental works.

Reviewer \#2:

In this study the authors have built a genome scale metabolic model to analyze the hydrogen production in the heterocystous cyanobacteria Anabaena Variabilis. Both a single cell model and a two-cell model, accounting for the vegetative cell and heterocyst, were constructed. The models were evaluated by comparing their growth rate against experimentally reported values. The two-cell model was first used to compare the oxygen production rate in the vegetative cell and the heterocyst. The analysis showed that the oxygen production is negligible in the heterocyst as compared to vegetative cell and therefore heterocyst is more suitable for hydrogen production. The model was then used to predict up/down-regulation strategies to enhance the production of hydrogen. For this purpose, the flux distribution under the minimal and maximal hydrogen production were compared and the reactions whose fluxes increased/decreased were identified. The manuscript is a nice contribution of a heterocystous cyanobacterium, however, a number of issues need to be resolved first

Major comments:

• Page 6 and line 123-132: What is the source of information about the relative fraction of different lipids (MGDG, SQDG, DGDG and PG)? The author should cite the appropriate reference. Similarly, the text should directly indicate what is the source of information for the glycogen content and pigment content. If the authors have taken the peptidoglycan and LPS content from Synechocystis 6803 model (Nogales et al., 2012) and this needs to be mentioned in the text.

The references were added to the manuscript. In addition, the reference of each data in supplementary file 3 was exactly determined.

• Section 2.3.1: What is the purpose of the single cell model? This is not made clear in this study. The only place where the single cell model is used in this study is in Section 3.2. There the authors compare the predictions of the single cell model and two-cell model with the experimental data. However, there is no clear discussion about the purpose of using the single cell model in this analysis. The authors should clarify why the analysis using single model is needed for this study.

In this first version of the manuscript, we used the single-cell model to indicate the effect of regulation of metabolic model by integration of transcriptomic data but it was not a fair comparison. So two-cell model was constructed to compare its growth predictions under auto- and diazo-trophic condition with those predicted by the regulated two-cell model and predicted by the previous two-cell model \[1\]. Then, the single-cell model was used to simulate the growth of vegetative cells on nitrate as a combined nitrogen source to evaluate its prediction for growth on different carbon sources compared to the previous metabolic model of Anabaena \[1\]. In the presence of nitrate, heterocyst differentiation does not occur, and hence, the reconstructed metabolic model as a single-cell model was applied to predict the growth rate using FBA. According to the method presented in \[1\], mixotrophic growth rate for each carbon source was calculated and divided by autotrophic growth rate on bicarbonate. Correlation between the predicted relative growth rates for the two models and experimental values was determined using the Pearson correlation coefficient.

The manuscript was modified to indicate the changes.

• Section 2.3.2: Does the two-cell model have separate biomass formation equations for the heterocyst and vegetative cell? If yes, then do the authors assume that their biomass compositions are same/different? The authors should modify the text to include these details.

Yes. In this research, it was assumed that the biomass composition of heterocysts is the same as vegetative cells. The assumption was added to the manuscript.

• Section 2.3.2: What is the biomass objective function for the two-cell model? Is it only the growth of the vegetative cell or the growth of both the cell types in the ratio they are found in the filaments. This a very important information and the authors should incorporate this detail into the text in section 2.3.2

The biomass reaction of the vegetative cell was used as the objective function to be maximized using FBA. The biomass of heterocyst cells is 5-10 percent of vegetative cells biomass \[2, 12\] and so it was assumed that heterocysts comprise 10 percent of the entire filament and Eq. 3 was added to the two-cell models.

\(3\)

vg,V and vg,H are growth rates of vegetative and heterocyst cells, respectively. The calculated biomass objective function was multiplied by 1.1 for two-cell models to report the total growth rate.

The information were added to the manuscript.

• Section 2.3.2: In Anabaena sp. PCC 7120 model (Malatinszky et al., 2017), the intercellular cellular exchange flux of glutamine and glutamate was fixed to 1. If they are not fixed at this ratio, then the heterocyst super-compartment uses glutamate as carbon source instead of sucrose. What are the constraints on the intercellular exchange fluxes in this study? Did the authors constrain the ratio of intercellular exchange fluxes of glutamate and glutamine? Is sucrose the only carbon source used by the heterocyst compartment or does it utilize glutamate as well? The authors should provide these details in the text.

We did not impose any constraint on the intercellular exchange fluxes in this study and the three two-cell models were used to predict the fluxes. For a fair comparison between sucrose and glutamate, the rates were converted to mmol carbon/gDCW/h and the predicted exchange rates of sucrose and glutamate were multiplied by 12 and 5, respectively. In addition, FVA \[15\] was applied to find flux variability of each intercellular exchange flux. The two-cell model of Malatinszky et al. \[1\] predicts that both sucrose and glutamate can be used as the main carbon source (Figure S3 (a)). Hence, they fixed the glutamine-glutamate exchange ratio to one and forced the model to select sucrose as main carbon source. However, our two-cell model predicts that sucrose is transported to heterocysts as carbon source in all conditions (Figure S3 (b)). Experimental reports also suggest that the main carbon source for heterocysts is sucrose \[16\]. The regulated two-cell model also transports sucrose to heterocyst in low irradiance (Figure S3 (c)). But both substrates can be used as the main carbon source at high irradiance. This result is rational because the model predicts that the growth rate is constant at high irradiance because of electron limitation and given the extra bicarbonate available, none of the sources are preferred for carbon transfer.

The explanations were added to the manuscript.

• One of the major contributions of this work is the model based prediction of up/down regulation strategies for the enhanced hydrogen production. This was accomplished by comparing the FBA predicted flux under minimal and maximal hydrogen production conditions to identify the reactions/pathways that needs to be up/downregulated for the enhanced production of hydrogen. This strategy is not complete since FBA does not always have a unique solution. The more appropriate way is to consider the feasible flux ranges predicted using Flux variability analysis (FVA) (Mahadevan and Schilling, 2003) under the minimal and maximal hydrogen production e.g. (Englund et al., 2018).

In this research, we used TRFBA for the prediction of up/down regulation strategies. Considering TRFBA converts a metabolic model to "without OR" form, it is possible to have more than one reaction with the same formula that are supported by different genes. So, the application of FVA did not guide us to make a fair decision about the effect of each reaction on hydrogen production. To avoid the well-known degeneracy of solutions, the Manhattan norm of the flux distribution was minimized while the growth and hydrogen production rates were bound to the intended values (similar to the method used for our previous publication \[17\]).

The sentence "To avoid the well-known degeneracy of solutions, the Manhattan norm of the flux distribution was minimized while the growth and hydrogen production rates were bound to the intended values." was added to the manuscript for more clarification.

Minor comments:

• Page 4 and line 58-61: This sentence is grammatically incorrect. The authors should drop the word 'since' in the beginning of the sentence or the 'and' in the middle of the sentence.

According to your comment, the sentence was corrected grammatically as \"Since Ribulose 1,5-bisphosphate (RuBP carboxylase, a key enzyme in fixing carbon dioxide) is absent in the heterocysts, sucrose is transported from vegetative cells to heterocysts as the dominant form of carbon.\"

• Page 4 and line 73-74: Instead of 'exchange effect of intercellular metabolites', it is better to use 'effect of intercellular exchange of metabolites'.

"exchange effect of intercellular metabolites" was substituted with "effect of intercellular exchange of metabolites".

• Page 7 and line 144 to 148: This sentence has grammatical error and that makes it difficult to understand. The others should reframe it or break it into multiple sentences so that it is easy to understand.

The sentence was corrected.

• Page 13 and line 298 to 300: The short form for bidirectional hydrogenase is 'Hox' not 'Hop'.

The word was corrected.

• In some places the authors use 'Hup' to refer to the uptake hydrogenase. But in other places they refer to it as 'uptake hydrogenase'. The authors should use a consistent nomenclature.

The manuscript was modified.

• In some places the authors use 'Hox' to refer to the bidirectional hydrogenase. But in other places they refer to it as 'bidirectional hydrogenase'. The authors should use a consistent nomenclature.

The manuscript was modified.

• Page 13 and line 296: It is not appropriate to use the word 'activation' in this sentence as it conveys a different meaning and the oxidative pentose phosphate pathway is already active under the non-hydrogen-producing condition. The word 'Utilization' is more appropriate.

Utilization was substituted.

• Figure 3: Which parameter do the pixel color in heat map correspond to. Growth rate? This needs to be mentioned in the figure legend.

Yes, it is growth rate. The figure legend was modified by adding the sentence "The heatmap presents changes in the growth rate with varying oxygen exchange and hydrogen production fluxes in a) vegetative and b) heterocyst cells."
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Reviewer \#3:

General remarks:

This article discuss the metabolic interactions of the two differentiated cells and construct a two-cell metabolic model to improve hydrogen production. The authors find that the removal of uptake hydrogenase and activation of some reactions to provide redox cofactors by bidirectional hydrogenase could improve hydrogen production. Overall, this article is well organized and its presentation is good. However, some minor issues still need to be improved:

\(1\) In chapter 1. Introduction: The topic is interesting but the purpose of the article is not clearly stated. After revision please, redefine the introduction and key words.

According to your comment, the introduction and key words were redefined. The purpose of selecting this organism to build a metabolic model was stated clearly.

\(2\) In chapter 2. Material and Methods: It is suggested to revise the section \"2.3. In silico simulations\". The detailed model simulation (e.g. calculation formulas and so on) needs to be added to the Supporting Information in order to support the description in the text.

The section was completely revised and all calculations and formulas were clearly explained.

\(3\) It is suggested to add the part of \"4. Conclusion\" in this article.

A conclusion section was added to the manuscript.

\(4\) In Table1, the decimal values for points should be given uniformity. For example, the percent of non-gene assigned reactions should be 11.0.

Table 1 was modified.

\(5\) In Figure 1(b), please add the title of the coordinate axis x.

The title "number of non-gene associated (red) and gene associated (blue) reactions in each category." was added to the figure legend.

\(6\) The list of references is not in our style. It is close but not completely correct. Please revised before submitting a revision.

The style of references was corrected.

Reviewer \#4:

Overview:\-\-\-\-\-\-\-\-\-\-\-\-\-\--

In the manuscript titled \"Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413\", the authors describe genome-scale network reconstruction (GENRE) and metabolic reconstruction of Anabaena variabilis ATCC29413. Indeed, this will be the first published metabolic model for the species; and thus, by itself is a valuable tool for not only Anabaena variabilis community but also the metabolic modeling community in general. Apart from this authors discussed biohydrogen production in A. variabilis with its distinct cells: vegetative and heterocytes.

However, I find that manuscript is poorly written and has a lot of grammatical errors. I have tried to list many of them from introduction but stopped keeping track after a while because there were so many. The authors should go through the manuscript and make sure that these instances are fixed.

The manuscript was revised grammatically.

More importantly, the authors need to provide additional simulations and benchmark their models with existing models of other cyanobacteria or other two-cell models. The only benchmark, Figure 2, is quite opaque and not very informative of the model performance. Figure 3 is missing color axis labels. Figure 4 is not clear from captions. Further, the manuscript does not have a discussion or conclusion section.

According to your comments, more explanations, simulations, and evaluations were provided. Figures were modified and a conclusion section was added.

Overall, keeping the above points in mind, I think the authors need to undergo major revisions of their manuscript. Please find my detailed comments below.

Comments:\-\-\-\-\-\-\-\--

MAJOR:

193-208:The authors spend considerable amount of text just reiterating whats in the table and figure. The authors should provide a schematic of how various pathways are organized across different compartments. The authors have to realize that these are large-scale models and a simplified schematic detailing the model organization goes a long way for the readers and potential users of their model.

A simplified schematic of the heterocyst and vegetative cell was drawn in Figure 4 of the manuscript. In Figure 4, the major pathways proposed by the regulated two-cell model for improvement of hydrogen production are presented.

The authors should also discuss how does this model compare to metabolic network reconstructions of other cyanobacteria such as Synechococcus, Synechocystis, etc. Are these differences represented in their model? How does their model compare with the automatically generated model here (<https://www.ebi.ac.uk/biomodels-main/BMID000000140898>) or of a different two-cell model here (Malatinszky et al., 2017: <http://www.plantphysiol.org/content/173/1/509>). Please provide these comparisons.

A comparison between the metabolic models of Anabaena variabilis ATCC 29413, Synechocystis sp. PCC6803, Synechococcus elongatus PCC 7942, Spirulina platensis, Anabaena sp. PCC 7120 has been made in the Table 1.

The automatically generated model is a weak model that is reconstructed based on genome annotation. It is a draft model that can not produce biomass and photon uptake is not considered in it. In addition to the genome annotation, we used a lot of information presented in the literature for the model reconstruction and biomass generation. 160 reference papers used for extracting reactions that were presented in supplementary file S1. Mass and charge balances were carried out on each reaction. The used papers for generation of biomass formula are presented in supplementary file S3. The intercellular exchange reactions were added based on literature. We think that automatic reconstruction, especially for Anabaena variabilis that differentiates under nitrogen deficiency condition, is not a suitable approach to construct metabolic models.

The predictions of the reconstructed single-cell and two-cell models in this research were compared with those presented by the single-cell and two-cell models presented by Malatinszky et al. \[1\]. The results were added to the manuscript.

210-211:In figure 2, I think the authors are trying to compare the growth of their models at different lux. If so, their single cell model is an steady-state FBA model, i.e. it is always linear and will always give global optima of the objective function value. This means that direction of slope of model inputs will be same as that of model outputs (i.e. biomass or growth). They sometimes get a lower growth rate at higher light and higher growth rate at lower light (for e.g. single cell model at 14700 and 8000). This could be because of HCO3 value set by the authors on the model. Basically, this plot is super hard to read and interpret the performance of the model. The authors should also show respective carbon/other nutrient uptake values for these simulations. Just by looking at it as is, I am not sure what\'s going on with the model. Further, the authors should also explain why they see this output. What is happening in the model when excess light is available? Give us some flux distributions, please explain your results.

We added the HCO3 values to Figure 2 for better readability and interpretation and we also calculated the shadow price to find the bottleneck gene and to explain our results. Both two-cell models overestimate the growth rate under high irradiances and bicarbonate uptake rates. FBA does not generally apply any intracellular constraint and only extracellular constraints including bicarbonate and photon uptake rates control the predicted growth rates. It can be seen that the high rates of bicarbonate consumption belong to high irradiance conditions and the limiting step should be determined. Overprediction for high irradiances and uptake rates indicates that intracellular constraints are inhibiting the growth and so, expression data were integrated with the two-cell metabolic model using TRFBA to impose the intracellular constraints and to find the origin of the inhibition. TRFBA limits the upper bound of intracellular reactions based on the expression level of their corresponding genes. The calculated shadow prices for metabolic genes indicate that the growth rate is sensitive to the expression level of Ava_1852 in the vegetative cells. This gene is responsible for synthesis of protein PsbJ that is one of the components of the core complex of photosystem II. The mean expression level of Ava_1852 is 56 that is significantly less than the average expression level. Hence, TRFBA predicts that PSII is limiting reaction which controls growth in high levels of radiation and bicarbonate uptake. The inhibited growth of A. variabilis at high irradiance has also been stated by Yoon et al. \[18, 19\]. It is also expressed that high light intensities destroy photosystem II reaction centers and lead to photoinhibition \[20, 21\].

The explanations were added to the manuscript.

There are many number of simulations that can be performed to evaluate the model performance and behavior. What is the accuracy of single gene deletion results? Could authors show some of that. As authors of the model, they should perform and discuss such simulations before jumping on the biohydrogen production.

More simulations for growth prediction on various carbon sources and investigation of the effect of heterocyst percentage were performed. The predictions of the single-cell and two-cell models presented by Malatinszky et al. \[1\] were compared with our models for the simulation of mixotrophic and autotrophic growth.

The result of an experimental work \[22\] that showed more hydrogen is produced in a medium including higher heterocyst frequency was mentioned in the section "Selection of the appropriate cell for hydrogen production".

Furthermore, the effect of deletion of Hup and Hox on hydrogen production was in accordance with the model prediction that is presented in the section "improvement of hydrogen production".

264: The authors are seeing a growth tradeoff in Figure 3(b). What exaplins this growth tradeoff? Also the figure captions need to be written clearly. How is the electron transport chain playing into this? Is the heatmap representing growth or some other flux. Please label the color axes.

The colors and color bars were corrected. The figure caption was modified. The electron produced from electron transport chain can be used for growth or hydrogen production. So, double robustness analysis of PSII and hydrogen production rate is similar to that is plotted for oxygen and hydrogen production rates in Figure 3 (a).

There is no conclusion or discussion section for results. The only results authors discuss is the biohydrogen production. The authors should provide a conclusion section. Have they achieved what they set out to achieve? What are still the outstanding questions in biohydrogen production using Anabaena variabilis ATCC29413 that the model couldn\'t address. What is needed to improve the model?

The conclusion section was added to the manuscript.

MINOR:

48-50: The sentence reads a bit odd. Here\'s a suggestion: \"In absence of nitrate or ammonia in the growth media, vegetative cells undergo heterocyst differentiation enabling nitrogen fixation.\"

According to your comment, the sentence in lines 48-50 was substituted with: \"In absence of nitrate or ammonia in the growth media, vegetative cells undergo heterocyst differentiation enabling nitrogen fixation.\"

55-58: Again, reads a bit odd. \"Heterocysts are characterized by having a thick cell wall that limits the entrance of oxygen, deactivated O2-producing photosystem II, and a high respiration rate that scavenges the remaining oxygen.\"

We rewrtie the sentence as yours: \"Heterocysts are characterized by having a thick cell wall that limits the entrance of oxygen, deactivated O2-producing photosystem II, and a high respiration rate that scavenges the remaining oxygen.\"

59-61: Please check the grammar. Suggestion: \"\...is absent in the heterocysts; and uses sucrose transported from vegetative cells as the dominant form of carbon.\"

The sentece was corrected.

61-63: Suggestion: \"\...in heterocysts is transported to vegetative cells..\"

The sentence in lines 61-63 was substituted with:\"In return, fixed nitrogen in heterocysts is transported to vegetative cells as amino acids and hence, the entire filament will grow by the intercellular exchange of metabolites.\"

64-66: Has metabolic modeling been done before on this species? If so, please provide references. If not, provide explanation for why it is interesting. In the previous paragraph you mention intercellular exchange of metabolites. The presentation of your idea comes across as choppy. Please integrate this idea there on why there is a need for metabolic model; and then, carry on in the next paragraph with \"Genome-scale metabolic models\...\"

The sentences were changed to indicate our idea: "Even though genus Anabena has garnered interest for its biohydrogen production during nitrogen fixation \[23-25\], its metabolic models have not been used to study biohydrogen production. Anabaena variabilis ATCC 29413 (hereafter A. variabilis) has one of the highest hydrogen production rates in cyanobacteria and has been popular candidate for studying biohydrogen production \[26, 27\]. Therefore, a curated genome-scale metabolic model for A. variabilis ATCC 29413 was reconstructed in this research for the first time to study the metabolism of biohydrogen production."

74-77: Suggestion: \"Eventhough genus Anabena has garnered interest for its biohydrogen production during nitrogen fixation \[37-39\], its metabolic models have not been used to study biohydrogen production..\"

According to your comment, lines 74-77 were rewritten as: \"Even though genus Anabena has garnered interest for its biohydrogen production during nitrogen fixation \[37-39\], its metabolic models have not been used to study biohydrogen production.\"

79: Please replace \"and researches have been\...\" with \"and has been popular candidate for studying biohydrogen production.\"

The sentence was corrected based on your comment.

81: Once you say, \"hereafter A. variabilis\" please use that.

The abbreviation was used in the manuscript.

78-95: In the final paragraph, avoid references and authors should just talk about what their work in this study. Anything that needs a reference, should have been said before this point.

The last paragraph was seperated from the other parts of the introduction.

155: Please remove \"two\".

The word "two" was removed.

195: Please point the reader to the methods section where you discuss these databases and the process of reconstruction.

The sentence: \"The reconstruction process has been discussed in the material and methods section.\" was added according to your comment.

280: \"improvement\"? do the authors mean increase, decrease, and compared to what?

The word \"imrpovement\" was substituted with \"increasing the\" according to your comment. the model needs to have more sucrose to be transported from the vegetative cells to heterocysts to increase the growth rate.

282-295:The paragraph is too word and can be shortened to convey the message succinctly and clearly.

Yes, the paragraph was too word and it was shortened in two paragraphs.
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Reviewer \#2: Satisfied with replies and changes in the manuscript
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Reviewer \#4: Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413

Overview:\-\-\-\-\-\-\-\-\-\-\-\-\-\--

In the manuscript titled \"Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413\", the authors prepared a describe genome-scale network reconstruction (GENRE) of Anabaena variabilis ATCC29413 and applied it to the increase production of hydrogen. In general, authors have included many changes while some critical results I think still need to included in the manuscript. This includes comparison of metabolic networks of their model and the previously published photosynthetic bacteria (iJN678 and iSynCJ816: both available through BiGG)

More importantly, the authors need to provide additional simulations and benchmark their models with existing models of other cyanobacteria or other two-cell models. The only benchmarks, Figure 1 and 2, are still quite opaque and not very informative of the model as a parameter for theirsimulations. I have suggested possible changes that make the figure clear.

Overall, keeping the above points in mind, I think the authors need to undergo major revisions of their manuscript. Please find my detailed comments below.

Comments:\-\-\-\-\-\-\-\--

Major:

In the revision, Table 1 compares the size of the model in this study to previously published models. It is possible I didn\'t clarify what I was looking for. I think the best way for the reader to understand their model is for the authors to show differences in the models. This includes showing genomic metabolic differences between different organisms. This goes beyond comparing the size of the models which is not sufficient is not an indicator of differences. Which pathways are complete/incomplete in Anabaena but complete in other organisms/models. I feel these need to be discussed. One way authors can accomplish this (only a suggestion, authors can improvise) is by drawing a schematic of specific pathways and differently coloring the reactions which are differentially present in their models versus other models. This is an easy way to show that their model does indeed capture biological differences between organisms characterized in their respective genomes. Further, given that their ids are in BiGG database, this analysis/comparison can be easily performed.

305-318: There are two points here:

a\. The authors are talking about overprediction in high irradiance condition. Typically, models of photosynthetic organisms should behave as such when used with FBA: given the carbon uptake is constant, increase in light flux will increase growth upto a certain point, after that no amount of increase in light flux will cause any change in growth. Further, probably all of the existing models of photosynthetic organisms are likely to show this overprediction in high irradiance condition. After simulating the Two-cell model, I found that the model presented here captures both these aspects. The writeup in the manuscript represents the model in poor light. I would suggest that author find a different way of plotting Figure 2. One way to do this would be to adding two more subfigures in Figure 2: (1) Plot the light flux (x-axis) vs growth (y-axis) and find the ratio of uptake of light to HCO3; (2) Show what is this ratio in experimental conditions tested. Plotting this way does two things: (1) describes behavior of the model and (2) validates that behavior. Other models such as iJN678 and iSynCJ816 also do that. Overprediction in high irradiance condition means that organism reaches the plateau earlier than the model. This is expected as there likely gaps in the model; and hence, do not capture the entire range of bottlenecks. Discuss this point and show.

b\. In essence, authors are generating context-specific model for two-cell metabolic network. The authors are capturing only the photosystem II gene (PsbJ). However, with changes in light, many other intracellular metabolic genes are likely to get differentially expressed; and thus, are likely to come up as hits for whats happening in the model. There are many transcriptomics studies in photosynthetic bacteria suggesting this. I would suggest that author explain why there\'s only one hit. Also I think it is important to have a figure for how the expression of various genes from photosystem II change across different light conditions; thus, reinforcing their argument.

I understand authors used TRFBA because they developed it. But I think authors should discuss if a different context-specific model extraction algorithm could reproduce the same results.

323-327: Please explain why the authors see this difference. What is the difference in the metabolic network of Malatinzsky et al and their model that yields transport of sucrose.

330: What are \"both\" substrates: Glutamine-glutamate or sucrose-(?)

331: Please explain this electron limitation and discuss the pathways the model uses to disspate excess electron at high irradiance.

352: Of course, disabling PSII for a photosynthetic organism will not lead to generation of oxygen. This is not surprising and has been known for a long time now. The authors need to discuss differences in metabolic network of vegetative state versus heterocyst state. I recommend that authors provide this comparison for the reader.

370-373: The mechanism described appears to be similar to how photosynthetic organisms deal with light-dark (diel) conditions. Is it the same? Are there any differences? Please discuss. What if my map A. variabilis genes to Synechocystis and use iJN678 to simulate A. variabilis behavior in combination with TRFBA. Will I get the same result. Again for this reason, the authors need to compare the metabolic network of their model with other photosynthetic bacteria. Synechocystis model is most well studied, so I would use that.
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12 Dec 2019

Thank you for your valuable comments. We revised the paper according to your suggestions. Here are our answers to your specified questions.

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Thanks for addressing all comments and suggestions, please make sure that you share the model as MAT, JSON, SBML, or XML.

The mat-files of the single-cell, two-cell, and regulated two-cell models for implementation in MATLAB are presented in supplementary files S3.

Reviewer \#2: Satisfied with replies and changes in the manuscript

Reviewer \#3: (No Response)

Reviewer \#4: Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413

Overview:\-\-\-\-\-\-\-\-\-\-\-\-\-\--

In the manuscript titled \"Reconstruction of a two-cell metabolic model to study biohydrogen production in a diazotrophic cyanobacterium Anabaena variabilis ATCC 29413\", the authors prepared a describe genome-scale network reconstruction (GENRE) of Anabaena variabilis ATCC29413 and applied it to the increase production of hydrogen. In general, authors have included many changes while some critical results I think still need to included in the manuscript. This includes comparison of metabolic networks of their model and the previously published photosynthetic bacteria (iJN678 and iSynCJ816: both available through BiGG)

More importantly, the authors need to provide additional simulations and benchmark their models with existing models of other cyanobacteria or other two-cell models. The only benchmarks, Figure 1 and 2, are still quite opaque and not very informative of the model as a parameter for theirsimulations. I have suggested possible changes that make the figure clear.

Overall, keeping the above points in mind, I think the authors need to undergo major revisions of their manuscript. Please find my detailed comments below.

Comments:\-\-\-\-\-\-\-\--

Major:

In the revision, Table 1 compares the size of the model in this study to previously published models. It is possible I didn\'t clarify what I was looking for. I think the best way for the reader to understand their model is for the authors to show differences in the models. This includes showing genomic metabolic differences between different organisms. This goes beyond comparing the size of the models which is not sufficient is not an indicator of differences. Which pathways are complete/incomplete in Anabaena but complete in other organisms/models. I feel these need to be discussed. One way authors can accomplish this (only a suggestion, authors can improvise) is by drawing a schematic of specific pathways and differently coloring the reactions which are differentially present in their models versus other models. This is an easy way to show that their model does indeed capture biological differences between organisms characterized in their respective genomes. Further, given that their ids are in BiGG database, this analysis/comparison can be easily performed.

There are many different reactions between the reconstructed metabolic models of cyanobacteria. For example, there are 340 reactions in our metabolic model that are not present in iJN678 and there are 220 reactions in iJN678 that are not present in our metabolic model. So, it is not possible to indicate the differences by drawing a schematic of specific pathways.

305-318: There are two points here:

a\. The authors are talking about overprediction in high irradiance condition. Typically, models of photosynthetic organisms should behave as such when used with FBA: given the carbon uptake is constant, increase in light flux will increase growth upto a certain point, after that no amount of increase in light flux will cause any change in growth. Further, probably all of the existing models of photosynthetic organisms are likely to show this overprediction in high irradiance condition. After simulating the Two-cell model, I found that the model presented here captures both these aspects. The writeup in the manuscript represents the model in poor light. I would suggest that author find a different way of plotting Figure 2. One way to do this would be to adding two more subfigures in Figure 2: (1) Plot the light flux (x-axis) vs growth (y-axis) and find the ratio of uptake of light to HCO3; (2) Show what is this ratio in experimental conditions tested. Plotting this way does two things: (1) describes behavior of the model and (2) validates that behavior. Other models such as iJN678 and iSynCJ816 also do that. Overprediction in high irradiance condition means that organism reaches the plateau earlier than the model. This is expected as there likely gaps in the model; and hence, do not capture the entire range of bottlenecks. Discuss this point and show.

It should be mentioned that the bicarbonate uptake rate is not constant according to the experimental data \[1\] and it increases in high irradiances. Based on your comment we plotted the light flux (x-axis) vs growth (y-axis) at constant bicarbonate uptake rate of 1 mmol/gDCW/h (Figure R1). Then, we found that the minimum photon uptake rate for optimal growth is about 9 mmol/gDCW/h. However, the ratio of experimental bicarbonate to photon uptake rates (Figure R2) demonstrates that the minimum ratio is 23.3 in the experimental condition. So, the photon uptake rate is always more than the required rate predicted by FBA. So, unfortunately, this data does not answer to overprediction while the calculated shadow prices predicted the reason for overprediction.

If there were gaps in the metabolic network, the model should underpredict the growth. However, the model overpredicted and hence, there were intracellular constraints. We used the regulated two-cell model and shadow price to predict the bottleneck gene(s) under high irradiances.

Figure R1. Growth rate versus photon uptake rates predicted by the two-cell model (bicarbonate uptake rate is limited to 1 mmol/gDCW/h).

Figure R2. Photon uptake rate per bicarbonate uptake rate for 18 experiments carried out by \[1\].

b\. In essence, authors are generating context-specific model for two-cell metabolic network. The authors are capturing only the photosystem II gene (PsbJ). However, with changes in light, many other intracellular metabolic genes are likely to get differentially expressed; and thus, are likely to come up as hits for whats happening in the model. There are many transcriptomics studies in photosynthetic bacteria suggesting this. I would suggest that author explain why there\'s only one hit. Also I think it is important to have a figure for how the expression of various genes from photosystem II change across different light conditions; thus, reinforcing their argument.

We used the easiest way and calculated shadow prices for all genes. Shadow price indicates the effect of one unit increase in gene expression on the predicted growth rate. Shadow price for other genes was zero and hence, the regulated two-cell model predicted that the measured expression level for other genes was adequate for growth. According to your comment, we plotted the growth rate versus expression level for some genes of photosystem II. It can be seen that only the expression level of PsbJ was not sufficient for optimal growth.

Figure 3. Predicted growth rate versus expression level for some genes of photosystem II using the regulated two-cell model. The measured expression level \[2\] for each gene is determined by a circle in all of the figures.

The explanations were added to the manuscript.

I understand authors used TRFBA because they developed it. But I think authors should discuss if a different context-specific model extraction algorithm could reproduce the same results.

TRFBA adds a constraint (Eq. 4) to the model for each gene with the measured expression level. So, we could use shadow price to indicate the effect of the expression level of each gene on growth and we could easily find the bottleneck gene. The predicted photoinhibition was in accordance with previous reports \[3-6\].

Our main aim in this research was the reconstruction and evaluation of a genome-scale metabolic model for A. variabilis. Evaluation of the integration algorithms is not our aim in this research. Some benchmarks are developed for evaluation of the integration algorithms (e. g. \[7-9\]). In our previous works \[8, 10\], we indicated that TRFBA is a successful algorithm for prediction of growth.

323-327: Please explain why the authors see this difference. What is the difference in the metabolic network of Malatinzsky et al and their model that yields transport of sucrose.

Interestingly, glutamate and sucrose intercellular exchange reactions are coupled in the two-cell model of Malatinzsky et al. \[11\] and the sucrose rate is maximized when glutamate is exchanged at the maximum rate. Furthermore, Figure S4 shows that maximum exchange rates for this two-cell model are always higher than those for our two-cell models and the rates unreasonably increase with an enhancement of irradiance. The maximal sucrose uptake rate of 46.8 mmol/gDCW/h is calculated at an irradiance of 16100 lux and bicarbonate uptake rate of 2.14 mmol/gDCW/h while this rate for our two-cell and regulated two-cell models is 1.29 and 1.12 mmol/gDCW/h, respectively. This indicates that there is an internal cycle of carbon in the two-cell model of Malatinzsky et al. \[11\]. This cycle circulates carbon sources between heterocyst and vegetative cells and the required energy for this circulation is provided by uptake of photon. Comparison between flux distributions for maximum and minimum intercellular exchange rates indicates that many reactions are involved in generating this internal cycle. Hence, Malatinzsky et al. \[11\] fixed the glutamine-glutamate exchange ratio to one that results in the reduction of the effect of this cycle.

The explanations were added to the manuscript.

330: What are \"both\" substrates: Glutamine-glutamate or sucrose-(?)

Glutamate and sucrose are correct. The manuscript was clarified.

331: Please explain this electron limitation and discuss the pathways the model uses to disspate excess electron at high irradiance.

We mean the limitation of PSII that previously explained. The manuscript was clarified.

As mentioned in the material and methods section, the maximum uptake rate of photon was set to the experimental values \[1\] because more irradiance does not necessarily increase the photon uptake rate. So, the model consumed photon with the required rate.

352: Of course, disabling PSII for a photosynthetic organism will not lead to generation of oxygen. This is not surprising and has been known for a long time now. The authors need to discuss differences in metabolic network of vegetative state versus heterocyst state. I recommend that authors provide this comparison for the reader.

This sentence is used for further emphasis. In the next sentences, we also explained more about the reason for the difference in the metabolic network of vegetative cells and heterocysts for oxygen. We also drew a schematic of the metabolic pathways and reactions in Figure 4 that shows the differences in the metabolic networks of heterocysts and vegetative cells.

370-373: The mechanism described appears to be similar to how photosynthetic organisms deal with light-dark (diel) conditions. Is it the same? Are there any differences? Please discuss. What if my map A. variabilis genes to Synechocystis and use iJN678 to simulate A. variabilis behavior in combination with TRFBA. Will I get the same result. Again for this reason, the authors need to compare the metabolic network of their model with other photosynthetic bacteria. Synechocystis model is most well studied, so I would use that.

Yes, it is the same and similar results for Synechocystis using its metabolic model (iJN678) are obtained without using TRFBA or mapping genes of A. variabilis to Synechocystis. This result is rational for every metabolic model of cyanobacteria because fructose provides both energy and carbon sources for the cell. However, in photoautotrophic conditions, bicarbonate is used as a carbon source and photon uptake that is necessary for energy generation produces oxygen.

The explanations were added to the manuscript.
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